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Translation initiation is the critical first step of protein synthesis in which a start codon is 
selected, determining the identity and quantity of proteins produced. In eukaryotes, the 
40S small ribosomal subunit forms a 43S preinitiation complex (PIC) with eukaryotic 
initiation factors eIF1, eIF1A, eIF3, eIF5, and a ternary complex (TC) of GTP-bound 
eIF2 and methionyl initiator tRNA (Met-tRNAi), which is recruited to the 5’ end of 
mRNA, and scans for an AUG start codon in appropriate sequence context. Upon start 
codon recognition, release of eIF1 and completion of eIF2-GTP hydrolysis accompany 
structural changes in the 40S subunit that precipitate the cessation of scanning. The 
precise molecular mechanism of start codon and sequence context recognition is 
unknown.  
 
Structural evidence indicates that eIF2β may stabilize Met-tRNAi and eIF1 in the open 
PIC. eIF2β-S202A/K214A, which disrupts eIF2β:Met-tRNAi interaction, decreases 
initiation accuracy and TC loading in vivo and a defect in TC on-rate and increased 
transition to the closed state in vitro, consistent with destabilization of the open complex. 
eIF2β-E189R alleviates a clash between eIF2β and Met-tRNAi and confers a 
hypoaccuracy phenotype in vivo and increased transition to the closed state in vitro 
without affecting TC loading. These mutants represent two mechanisms by which eIF2β 
prevents inappropriate transition to the closed state at non-AUG codons: by stabilizing 
Met-tRNAi binding in the open complex and by hindering rearrangement of Met-tRNAi 
 iii 
to its closed state position. eIF2β -F217A/Q221A, designed to disrupt the eIF2β:eIF1 
interface, produced a hypoaccuracy phenotype and a mild defect in TC loading, 
suggesting these residues aid eIF1 binding on the open complex.  
 
Substitutions of well conserved residues in small subunit ribosomal protein Rps26/eS26 
likely to contact the -10 to -12 nucleotides resulted in increased stringency of the 
requirement for an AUG start codon and appropriate sequence context, indicating that 
Rps26/eS26 contacts with mRNA in the exit channel may help to stabilize the closed 
state following AUG recognition. Our findings add to a growing network of molecular 
interactions that ensure the accuracy and efficiency of translation initiation, maintaining 
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ATF4 Activating Transcription Factor 4, a mammalian homolog of 
GCN4 
CDKN2A Cyclin Dependent Kinase Inhibitor 2A, Encoding p16 
(mammals) 
CYFIP1 Cytoplasmic FMR1 Interacting Protein 1 (mammals) 
Ded1/Ddx3  Defines Essential Domain 1 (yeast)/ DEAD-box Helicase 3 
(mammals) 
Dhx29 DExH-box Helicase 29 (mammals) 
EIF2S3 Encodes eIF2γ (mammals) 
FUN12 Encodes eIF5B (yeast) 
GADD34 Growth Arrest and DNA Damage Inducible Protein 34 
(mammals) 
GCD11 Encodes eIF2γ (yeast) 
GCN2 Kinase that phosphorylates eIF2α (yeast) 
GCN4 Transcriptionally regulated activator of amino acid biosynthetic 
genes (yeast) 
GRP78/BiP Binding Immunoglobulin Protein (mammals) 
Hcr1 Encodes eIF3j (yeast) 
HIS4 Encodes multifunctional enzyme required for histidine 
biosynthesis (yeast) 
lacZ Encodes β-galactosidase (bacteria) 
LEU2 Encodes β-isopropyl malate dehydrogenase, required for 
leucine biosynthesis (yeast) 
SUI1 Encodes eIF1 (yeast) 
SUI2 Encodes eIF2α (yeast) 
SUI3  Encodes eIF2β (yeast) 
TRP1 Encodes Phosphoribosylanthranilate isomerase, required for 
tryptophan biosynthesis (yeast) 
URA3 Encodes Orotodine-5’-phosphate decarboxylase, required for 





1.1 Overview of Translation Initiation 
 
Deoxyribonucleic acid (DNA) is the molecule that contains the genetic instructions for life, but it 
requires complex cellular machinery to carry out those instructions. The ability to read the 
language of the blueprint encoded in DNA requires molecular processes and machinery by which 
the DNA is first transcribed into messenger ribonucleic acid (mRNA) and then translated into 
proteins, which carry out much of the work of the cell. The expression patterns of these proteins 
– which of them will be made, when, and how much of each will be made – determine the 
identity and function of a cell. They differentiate a neuron from a muscle cell, a dividing stem 
cell from a senescent or autophagic cell, and a healthy cell from a cancerous one. Gene 
expression is a dynamic process which also allows cells to respond to environmental conditions 
in real time, mounting defenses to infection and responding to stressors. In the decades since 
Watson and Crick’s publication of the double helix, much research has been focused on the 
regulation of transcription of DNA to mRNA, and this is commonly referred to as ‘gene 
expression’, but it tells only part of the story. Expression of the genes encoded in DNA relies on 
many layers of regulation that impact not only transcription, but also mRNA stability, 
translation, and protein stability and localization. These are not static processes, but dynamic 
ones that alter protein expression, and therefore cellular identity.  
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Translation is the process by which mRNAs direct the synthesis of proteins in the cell. Cellular 
machinery called the ribosome, consisting of a small and a large subunit, carries out this process. 
Translation can be divided into four stages: initiation, elongation, termination, and recycling. 
Initiation involves delivery of the ribosome and methionyl initiator tRNA to the mRNA in 
preparation for elongation, as well as the crucial step of identifying an appropriate starting point 
on an mRNA. In the elongation step, codons are successively decoded by base-pairing to the 
anticodon of the appropriate tRNA, resulting in peptide bond formation and extension of a 
nascent protein chain. When the ribosome reaches a stop codon, the process terminates through 
the binding of termination factors and cleavage of the newly made protein from the last decoding 
tRNA. The ribosomal subunits are then released from the mRNA during recycling to be reused in 
future cycles of translation. Regulation occurs at each step of this process, but none has so large 
an effect on the proteins produced as initiation, which is generally accepted to be the rate-
limiting step of translation. It is at this stage that a start codon is selected, and this process will 
determine the identity and quantity of proteins produced, as well as setting the reading frame. 
Thus, translation initiation plays an outsized role in determining the proteome of the cell. 
 
1.1.1 Translation Initiation in Prokaryotes 
 
Prokaryotic translation is relatively simple compared to the process of protein synthesis in 
eukaryotes. The ribosome is smaller, fewer initiation factors are required, and the start codon is 
identified by a defined mRNA sequence. Translation initiation in bacteria occurs 
cotranscriptionally, with the ribosome loading on the ribosome binding site of the mRNA as 
soon as the latter is made by RNA polymerase, and the ribosome physically interacts with RNA 
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polymerase (1). In bacteria, the initiator methionyl tRNA is formylated (fMet-tRNAi) (2). Many 
prokaryotic mRNAs are polycistronic, containing more than one coding sequence (3). The goal 
of the initiation phase is to assemble the 70S bacterial ribosome (consisting of 30S and 50S 
subunits) at the correct start site in the translation initiation region (TIR) of an mRNA with fMet-
tRNAi in the peptidyl (P) decoding site of the 30S subunit, with the assistance of the initiation 
factors IF1, IF2, and IF3. Initiation is the only stage of translation in which the incoming tRNA 
binds to the P site rather than the A site. IF1 binds to the ribosomal acceptor (A) decoding site, 
preventing the binding of elongator tRNAs there prior to initiation, and stabilizes the binding of 
IF2 and IF3 to the 30S subunit (4, 5). IF2, a multidomain GTPase, serves to recruit fMet-tRNAi 
to the ribosome and regulate large subunit joining (6). This factor is unusual among GTP-binding 
proteins because its low affinity for both GTP and GDP allows for spontaneous nucleotide 
exchange (7). Although IF2- fMet-tRNAi complexes do form, they are not required and do not 
bind to the 30S ribosome directly in this form. Thus, while IF2 assists with fMet-tRNAi 
recruitment, it does not serve as a vehicle for fMet-tRNAi delivery, and GTP is not required for 
the binding of IF2 to fMet-tRNAi (8). IF3 interferes with ribosomal subunit association, helping 
to ensure the accuracy of initiation, and also discriminates against mRNAs with unfavorable 
TIRs (9, 10). IF1, IF2, IF3, and fMet-tRNAi bind the ribosomal small subunit (SSU) to form a 
30S preinitiation complex (PIC). Base pairing of the Shine-Dalgarno sequence, located 8 – 10 
nucleotides upstream of the start codon, to the anti-Shine-Dalgarno sequence at the 3’ end of the 
16S rRNA guides the 30S ribosome to bind mRNA with the correct start codon near the P site. 
The initiation factors and the binding of fMet-tRNAi facilitate precise positioning of the start 
codon in the P site. The 50S large ribosomal subunit then joins the 30S IC to form a 70S IC, 
ready to translate the selected mRNA (reviewed in (11)). 
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1.1.2 Translation Initiation in Eukaryotes 
 
By contrast, in eukaryotes, translation proceeds through a scanning mechanism (Fig. 1.7.1). In 
this process, the interaction of the Shine-Dalgarno sequence with the 18S rRNA is absent, and 
instead each nucleotide is sequentially inspected for complementarity to the anticodon of 
methionyl initiator tRNA (Met-tRNAi). In addition, the small 40S subunit of the ribosome 
associates with eukaryotic initiation factors (eIFs) including eIF1, eIF1A, eIF3, and eIF5 as well 
as a pre-formed ternary complex (TC) composed of GTP-bound eIF2 and Met-tRNAi to form a 
43S pre-initiation complex (PIC) prior to association with mRNA. A capped mRNA is bound by 
the eIF4F complex, consisting of eIF4A, eIF4E, and eIF4G. eIF4E binds to the 7-
methylguanylate (m7G) cap of mRNA and to the scaffolding protein, eIF4G. eIF4G associates 
with poly-(A) binding protein (PABP), which brings the 3’ poly-(A) tail of mRNA near the 
capped 5’ end, forming a closed-loop structure. The 43S PIC is then recruited to the 5’ end of the 
mRNA, where it binds, forming a 48S structure, and scans in the 5’-to-3’ direction until an 
appropriate start codon is encountered. While hydrolysis of GTP on eIF2 may occur during 
scanning, inorganic phosphate (Pi) is not released. Recognition of an AUG in good context by 
the PIC triggers a cascade of events including release of eIF1, release of the Pi from the GDP•Pi 
on eIF2, and a conformational change of the ribosomal small subunit from an open, scanning-
conducive state to a closed state in which the tRNA is bound tightly in the P site. The result of 
this process is Met-tRNAi base-paired to an AUG in the P site and an empty A site, in 
preparation for elongation (reviewed in (12)). 
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1.1.3 Alternative Models of Translation Initiation 
 
The pathway of scanning initiation described above is the most common and best understood 
mechanism of translation initiation in eukaryotes, but translation can also occur via a cap-
independent pathway (reviewed in (13)). Internal ribosome entry sites (IRESs), which guide 
binding of the ribosome directly to an open reading frame (ORF) independent of the 5’ mRNA 
cap, have long been known to facilitate translation of viral genomes (14). Current evidence 
indicates that translation of several cellular eukaryotic mRNAs is initiated by an IRES, most 
notably GRP78/BiP, while high-throughput and bioinformatic techniques have identified 
thousands of putative cellular IRESs, including many in eukaryotic circular mRNAs (15-22). 
Other mRNA elements involved in non-canonical translation initiation include cap-independent 
translation elements (CITEs), translation initiator of short 5’-UTR (TISU) elements, and post-
transcriptional modification with N6-methyladenosine (m6A) (23). Repeat-associated non-AUG 
(RAN) translation is a non-canonical process of translation initiation in nucleotide repeat 
expansions associated with neurological diseases (reviewed in (24)). There is evidence that 
translation may proceed via other alternative mechanisms, such as utilizing eIF2A or eIF2D for 
initiation at non-AUG codons under certain circumstances, although these instances are not yet 
well understood (25). Alternative translation initiation pathways have been shown to be used 
under conditions of cellular stress, including hypoxia, apoptosis, starvation, and viral infection, 
when cap-dependent translation is globally down-regulated (13, 23). Thus, these mechanisms 
may play a vital role in the cellular response to stress and disease. 
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1.2 Translation Initiation in Human Health 
 
Given its role in determining the identity and abundance of cellular proteins, translation initiation 
unsurprisingly plays an important role in the maintenance of human health. Start codon selection 
plays a role in determining and maintaining cell fate throughout life, but it is particularly 
important in instances that require rapid changes in gene expression. During early embryonic 
development, in the absence of transcription, translational control on maternal mRNAs is 
responsible for the patterning of cell fates and establishing the embryonic axis (26). Much of this 
control is accomplished through silencing of mRNAs by eIF4E binding proteins (4E-BPs) that 
prevent initiation by competing with eIF4G for binding to the cap binding protein eIF4E, 
reducing eIF4F assembly. (27, 28). Translation initiation also appears to be of particular 
importance in neurobiology. Local translation of mRNAs at synapses plays an important role in 
learning, memory, and synaptic plasticity (29, 30). There is evidence that eIF2α phosphorylation, 
and attendant translational upregulation of ATF4 mRNA, encoding a stress-responsive 
transcription factor, may suppress memory formation (28, 31).   
 
Accordingly, dysregulation of translation initiation is involved in many neurological disorders 
(32). Fragile X syndrome, a monogenic disorder of neurodevelopment is caused by an increase in 
CGG repeats in the FMRP gene, resulting in inhibition of translation initiation through binding 
to CYFIP1, a 4E-BP (33, 34). Leukoencephalopathy with vanishing white matter, an autosomal 
recessive leukodystrophy, results from mutations in any of the five subunits of eIF2B, the 
guanine nucleotide exchange factor for eIF2 (35, 36). MEHMO syndrome, an X-linked 
intellectual disability, is caused by mutations in the EIF2S3 gene, encoding eIF2γ, that impair 
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ternary complex formation (37). In addition to these genetic disorders, initiation of protein 
synthesis is also implicated in many neurodegenerative diseases. There is evidence that 
translation is altered in the cerebral cortex of patients with Alzheimer’s disease (AD), including 
altered expression of eIF2α, eIF3 subunits, and eIF5 (38). Mutations of several proteins involved 
in translation initiation are known to cause Parkinson’s disease (PD), most notably EIF4G1, 
encoding eIF4G (39, 40). The activation of mammalian target of rapamycin (mTOR), a central 
regulator of protein synthesis which stimulates cap-dependent translation initiation through 
phosphorylation of 4E-BP1 and p70 S6 kinase (S6K), has been implicated in a number of 
neurological diseases. The brains of patients with AD and PD show evidence of altered mTOR 
and eIF2 signaling, including phosphorylation of eIF2α, mTOR, S6K, eIF4E, and 4E-BP1 (41-
43).  
 
Protein synthesis is one of the most energetically demanding processes in the cell, thus requiring 
cells to regulate translation in response to their metabolic state. Phosphorylation of eIF2α, 
discussed in Section 1.5.2, is a major regulator of translation in response to nutrient stress, and 
dysregulation of this process, such as through mutations in eIF2α kinases, 4E-BPs, or S6Ks,  can 
result in metabolic defects (28). In particular, mutations that affect PERK, an eIF2α kinase 
involved in the cellular response to ER stress, or its ability to phosphorylate eIF2α result in 
diabetes and glycemic disorders (44). Wolcott-Rallison syndrome, an autosomal recessive 
disorder that results in infant or early childhood onset of diabetes as well as neurological defects 
and hypothyroidism, is caused by a mutation in PERK (45). Insulin stimulates phosphorylation 
of 4E-BP1, disabling its ability to inhibit eIF4F assembly, and activates eIF2B, which also 
responds to diet and exercise (46-48). S6K1, a serine-threonine protein kinase, acts downstream 
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of mTOR to phosphorylate multiple targets including Rps6 and eIF4B, leading to activation of 
translation and ribosome biogenesis when nutrients are plentiful. It has been shown to be 
required for development of mouse pancreatic β-cells, and mice lacking S6K1 display reduced 
insulin production, leading to hyperglycemia upon glucose challenge (49). Thus, regulators of 
translation such as PERK, 4E-BP1, and S6K1 present attractive targets for new diabetes 
therapies (50). 
 
Upregulation of the expression or activity of initiation factors correlates with cancer and heart 
disease, presumably by dysregulating cell growth and proliferation (28). In fact, alterations in the 
process of translation underlie changes in many cellular processes involved in cancer 
progression, including metabolism, cell growth, cell cycle progression, tumorigenesis, and 
metastasis (51, 52). The ribosome acts as a hub for regulation in cancer cells, receiving signals 
from oncogenic pathways involving the RAS or MYC oncoproteins and PI3K, which control the 
synthesis and function of many factors involved in translation initiation in order to promote 
tumor growth (53). For example, gene amplification and overexpression of eIF4E were observed 
in breast cancer (54). Overexpression of eIF4E results in tumorigenesis in cell culture (NIH 3T3, 
Rat2 fibroblasts, HeLa cells), while administration of antisense oligonucleotide to eIF4E 
severely retards tumor growth in mice (55-57). The cap binding protein also plays an important 
role in cardiac health. Increased cardiac load results in hypertrophic growth of the heart muscle, 
which is coupled to an increase in protein synthesis through upregulation of eIF4F components 
and phosphorylation of eIF4E (58, 59). Following treatment with a small molecule inhibitor of 
sphingosine-1-phosphate (S1P) lyase, a stress activated enzyme that contributes to oxidative 
stress through S1P catabolism, an increase in eIF4E phosphorylation correlated with other anti-
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ischemic biomarkers (60). Additionally, changes in mTOR activity during hypertrophy and heart 
failure modulate translation through altered 4E-BP1 binding (61).  
 
Mutations in the translational machinery are also known to cause several inherited diseases 
(reviewed in (62)). These include the neurological disorders mentioned above, such as Fragile X 
and MEHMO syndromes. They also include a class of disorders arising from mutations in 
ribosomal proteins or key ribosome biogenesis factors, known as ribosomopathies (63). 
Although these diseases presumably affect ribosomes throughout the body, they display 
surprisingly tissue-specific phenotypes, many involving bone marrow impairment (e.g., 
Diamond-Blackfan anemia, 5q- syndrome)(64). The reasons for this specificity of symptoms 
remain elusive. It has been suggested that they may result from a preference of “specialized 
ribosomes” lacking a particular ribosomal protein for a subset of mRNAs, while an alternative 
model asserts that changes in ribosome abundance broadly reprograms translational efficiencies 
and certain tissues are more sensitive than others to this re-programming (63, 65).  
 
Other disorders result from mutations in the 5’-untranslated region (UTR) of a gene. 
Hyperferritinemia, an increase in the iron-storage protein ferritin that leads to cataracts, results 
from a mutation in a “stem-loop” secondary structure in the 5’UTR of ferritin mRNA that 
mediates translational repression by an RNA binding protein, IRE-binding protein (IRP), in iron-
depleted cells (66). As a result of ribosomal scanning in eukaryotes, the presence of an upstream 
open reading frame (uORF) frequently reduces translation at the primary start codon 
downstream. This is because the scanning PIC encounters the AUG of the uORF first, and 
reinitiation following termination of uORF translation is typically inefficient. Thrombocythemia, 
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or excessive platelet production, results from the loss of a uORF in the thrombopoietin gene (67). 
On the other hand, a mutation in the gene CDKN2A, encoding p16, introduces an inhibitory 
uORF, resulting in lowered levels of this tumor suppressor and increased incidence of melanoma 
(68). Thus, it is apparent that a thorough understanding of translation initiation would have a 
dramatic impact on the understanding and treatment of a broad swath of human disease. 
 
1.3 The Ribosome 
 
An understanding of the structure and function of the ribosome is critical in understanding 
protein synthesis. The ribosome and associated translation factors form the translational 
machinery of the cell. Although they were observed by dark-field microscopy in the 1930s (69) 
and by electron microscopy in the 1950s (70), the ribosome was not confirmed as the site of 
protein synthesis until Paul Zamecnik’s 1955 experiment demonstrating that [14C]-labeled amino 
acids are transiently associated with ribosomes before their incorporation into proteins (71, 72). 
Further research has cemented the ribosome as a nucleoprotein complex that does the work of 
reading the codons of mRNA and synthesizing the encoded protein. As a result of this vital and 
ancient function, the ribosome is relatively well conserved throughout evolution. Here, we will 
discuss the structure of the ribosome, which informs its function, the importance of the ribosomal 




1.3.1 Ribosomal Structure 
 
Since the first low (~50 Å) resolution micrographs of “microsomes”, advances in X-ray 
crystallography and, more recently, cryo-electron microscopy (cryo-EM) have allowed more and 
more detailed studies of ribosomal structure on the scale of 2.5 – 3.5 Å. In all organisms, the 
ribosome consists of a small and a large subunit (LSU), each composed of rRNA and ribosomal 
proteins. The small subunit (SSU) can be divided into head and body regions, connected by a 
narrow neck, with a relatively flat solvent face and an intersubunit face, which contains the A, P, 
and E decoding sites (Fig. 1.7.2 A-B). Viewing the SSU from the interface side, the body of the 
SSU contains a large platform on the right and a smaller shoulder to the left (Fig. 1.7.2 C). The 
mRNA enters the ribosome through an entry channel above the shoulder and passes through a 
groove between the head and body of the SSU before exiting through an exit channel above the 
platform (Fig. 1.7.2 C). On this path, mRNA passes through the A (aminoacyl), P (peptidyl), and 
E (exit) tRNA binding sites, which are formed at the interface of the SSU and LSU. The SSU 
contains the portions of the decoding sites where the anticodon stem-loops of the tRNAs bind 
and base-pair with their cognate codons in mRNA. The LSU is rounded, and features a central 
protuberance and two stalks (L1 and L7/L12) (Fig. 1.7.2 D). The LSU also contains the 
peptidyltransferase center (PTC), which catalyzes peptide bond formation, and the exit tunnel 
through which the nascent peptide chain exits the ribosome.  
 
Ribosomal subunits are described in Svedberg units (S), a measure of a particle’s sedimentation 
rate during ultracentrifugation. Because these units depend on the mass, density, and shape of a 
particle, they are not additive. In bacteria, the 30S small subunit, composed of 16S rRNA and 21 
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ribosomal proteins, and the 50S large subunit, made up of a 5S rRNA, a 23S rRNA, and 31 
ribosomal proteins, form a 70S bacterial ribosome that is ~250 Å in diameter. In contrast, the 
eukaryotic ribosome is larger (80S), with a 40S SSU comprising 18S rRNA and 33 ribosomal 
proteins and a 60S LSU consisting of a 28S rRNA, a 5.8S rRNA, a 5S rRNA, and 49 ribosomal 
proteins. In spite of these differences, the core structure of the ribosome is quite well conserved 
throughout all kingdoms. Rather than disturbing this core structure, most of the additional rRNA 
in the eukaryotic ribosome is present in discrete expansion segments (ES) or variable regions 
(VR). There are five ESs and five VRs in the SSU as well as 16 ESs and 2 VRs in the LSU. Most 
of these additions are present in the foot of the SSU and on the back and sides of the LSU, 
leaving the subunit interfaces relatively unchanged. The increased complexity of the eukaryotic 
ribosome affords higher organisms more complex regulatory control of translation, including a 
more nuanced mechanism of translation initiation (reviewed in (73, 74)). 
 
The first crystal structures of the ribosome were resolved in 2000 (75-77) and subsequent crystal 
structures revealed the architecture of bacterial ribosomal particles (78-81). The first cryo-EM 
structure of the eukaryotic ribosome was modeled with heavy reliance on existing bacterial and 
archaeal structures (82). Subsequent eukaryotic cryo-EM structures shed light on specific 
interactions and extended mapping of the ribosome at a resolution of 15 – 5.5 Å (83-89). Higher 
resolution (3.0 – 3.9 Å) crystal structures allowed mapping of all r-proteins in the 80S ribosomes 
of Tetrahymena (90, 91) and S. cerevisiae (92). A growing number of structures of the 
eukaryotic ribosome have been published in the last decade, and advances in cryo-EM that allow 
visualization of multiple states at high resolution within a single sample have resulted in 
tremendous advances in our understanding of eukaryotic ribosomes in the last few years. 
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Structures of the 80S ribosome in dogs, pigs, and humans have been solved (93-95). Several 
other structures illuminated the mechanisms of viral IRESs (96-103). A number of ribosomal 
structures from pathogenic protozoans have been solved, providing information that may lead to 
interventions for the diseases caused by these common microorganisms (104-108). Other recent 
cryo-EM structures have shed new light on the process of translation initiation, as discussed 
further below (109-116). While structural data have allowed many insights into the function of 
the ribosome, it is important to remember that no structure can tell the whole story. It is difficult 
to image the many transient states through which the ribosome passes during each stage of 
translation, and even more difficult to assign these images to their respective stages in the 
process. Much genetic, biochemical, and structural work remains to fully understand this 
molecular machine and its roles in protein synthesis. 
 
To further our discussion of eukaryotic translation initiation, we will focus on the structure of the 
S. cerevisiae 40S small ribosomal subunit. As discussed above, the SSU can be divided into the 
head, with a beak on the entry channel side, and the body, with a large platform on the exit 
channel side (right), a smaller shoulder on the entry channel side (left), and a right and left foot. 
In yeast, the entry and exit channels, formed by a groove between the SSU head and body that 
extends from the intersubunit face to the solvent face with pores opening on the solvent side, 
each hold 12 nucleotides of mRNA. In the entry channel, a latch between helices 18 and 34 
opens to allow mRNA loading and scanning. Between the entry and exit channels, the mRNA 
traverses the neck of the 40S subunit, passing through the 30S portions of the A, P, and E 
decoding sites. The rRNA in all three sites is largely conserved among bacteria, archaea, and 
eukaryotes, suggesting that the decoding mechanism is also conserved. However, as elsewhere in 
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the 40S subunit, increased structural complexity allows for greater regulation in eukaryotes, and 
additional contacts between ribosomal proteins and the tRNAs may allow another level of 
discrimination against incorrect tRNAs or an incorrect codon:anticodon duplex.  
 
During translation initiation, the SSU binds to and scans along the mRNA as a 43S pre-initiation 
complex (PIC) made up of the 40S subunit, a ternary complex of methionyl-initiator tRNA and 
GTP-bound eIF2, and initiation factors eIF1, eIF1A, eIF5, and the multi-subunit eIF3. The TC 
binds in a position that is roughly perpendicular to the 40S intersubunit face, with the anticodon 
stem loop of Met-tRNAi bound in the P site. eIF1 and eIF1A bind the 40S on the intersubunit 
face near the P site, with the globular domain of eIF1A occupying the A site. Much of eIF3 binds 
on the solvent face of the SSU, with some subunits reaching the mRNA entry and exit channels. 
The positions of the eIF5 C-terminal domain and several subunits of eIF3 remain the subject of 
continued study. Upon recognizing an AUG start codon, the ribosome undergoes a series of 
structural changes that include dissociation of eIF1 and release of Pi from the GDP•Pi bound to 
eIF2. These changes include a shift from a widened mRNA channel, an open latch, and a 
widened P site to a closed latch and a constricted mRNA entry channel and P site, facilitating 
more extensive contacts between the 40S subunit and Met-tRNAi, as well as a tighter binding of 
Met-tRNAi to the PIC in the closed state (PIN) (Fig. 1.7.3 A-B). These alterations of the PIC are 
accompanied by a downward movement of the 40S head and a 7 – 8 Å change in the pitch of 
h28, compressing the neck of the 40S (Fig. 1.7.3 A) (reviewed in (117)).  
 
While it is useful to think of the ribosome as being in either an open, scanning-conducive state or 
a closed, scanning-incompetent state, it is likely that many individual interactions continually 
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modulate the ribosomal structure in addition to the large movement of the head relative to the 
body and latch closure. It is important to remember that the ribosome is not a static scaffold on 
which translation takes place. Rather, it is highly dynamic, alternating swiftly through many 
different structural states to bring together the correct components and provide the correct 
environment to facilitate synthesis of the correct proteins in the correct quantity at the correct 
time. The inclusion of ribosomal proteins in various signaling pathways, such as S6, which 
stretches from the right to the left foot of the 40S subunit and is phosphorylated in response to 
mTOR signaling, suggests that the ribosome is subject to dynamic regulation in response to 
cellular conditions in addition to the dynamism required to accommodate protein synthesis. 
 
1.3.2 Ribosomal Proteins in the Eukaryotic Ribosome 
 
Ribosomal proteins make up ~40% of the ribosome by mass, and are among the best conserved 
of all proteins. Of the 33 ribosomal proteins of the SSU, 15 have bacterial homologs, and an 
additional 12 have homologs among archaea, while 6 r-proteins are specific to eukaryotes. 
Beyond containing 18 r-proteins that are absent in bacteria, 9 of the conserved proteins contain 
extensions specific to eukaryotes, resulting in a much lower ratio of rRNA:protein approaching 
1:1 (91). The bulk of this additional protein mass is present on the solvent faces of the ribosomal 
subunits, although some tail extensions form new long-range contacts within the LSU or SSU. 
Historically, ribosomal proteins from different species were named independently, resulting in 
the same number being assigned to unrelated proteins. Here, we use the system described in Ban, 
et al., 2014, in which the protein number is accompanied by a prefix designating its kingdom to 
avoid confusion. Proteins specific to bacteria are designated with a b (bacterial) and eukaryotic 
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ribosomal proteins without bacterial homologs are specified with an e (eukaryotic), while 
proteins found in bacteria, archaea, and eukaryotes are designated with a u (for universal). 
Similarly, r-proteins specific to archaea would be designated with an a (archaeal), although none 
have been found (118). 
 
In the SSU, three eukaryote-specific r-proteins are present in the beak region (eS10, eS12, and 
eS31), and these appear to take the place of a missing section of helix 33 (h33), which is 
shortened in eukaryotes. Many r-proteins unique to eukaryotes interact with expansion segments 
in the rRNA, which are likewise specific to eukaryotes (eS4, eS6, eS7, eS8) and presumably act 
to stabilize this additional rRNA architecture. At the entry channel, eS30 and a eukaryote-
specific extension of uS3 may assist with the resolution of mRNA secondary structure. This is a 
vital function, since mRNA must be single stranded to pass through the entry and exit channel 
pores. In eukaryotes, uS3 has also been implicated in stabilization of the closed PIC through 
binding to mRNA (119), and contains a long C-terminal extension that interacts with scaffold 
protein RACK1 on the 40S solvent face, representing a possible mechanism for signal 
transduction pathways that target RACK1 to influence translation, as well as a link to ribosomal 
quality control. An important difference in eukaryotic ribosomes is the lack of the anti-Shine-
Dalgarno sequence in rRNA and its Watson-Crick base-pairing with mRNA upstream of the start 
codon. Instead, eS26 and eS28 surround the 3’ end of the 18S rRNA, overlapping the binding 
site of bS21. The β-barrel of eS28 is analogous to that of bS1. eS26, discussed further in Chapter 
4 of this work, locks the 3’ end of the 18S rRNA in place, while it is flexible in bacteria. These 
differences clearly reflect the adaptation of the eukaryotic ribosome for translation initiation via 
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mRNA scanning. In general, the additional r-proteins and extensions in eukaryotes provide 
additional opportunities for regulation of translation in these organisms.  
 
1.4 Evidence Supporting the Current Model of Translation Initiation 
 
As discussed above, translation initiation in eukaryotes generally occurs via a scanning 
mechanism. Unlike the direct base-pairing to the Shine-Dalgarno sequence utilized in bacteria to 
place AUG in the P site, start codon recognition in eukaryotes is a much more complicated 
process, and one that allows for much more nuanced regulation. Specifically, in eukaryotes, (i) 
Met-tRNAi does not bind to the SSU independently, but must be assembled into the TC and 
requires the assistance of several initiation factors for rapid incorporation into the 43S PIC, (ii) 
mRNA recruitment by the PIC requires recognition of a 5’ 7-methylguanosine cap on the 
mRNA, (iii) eukaryotic mRNAs generally have longer 5’ UTRs, many of which contain stable 
secondary structures which must be unfolded to allow ribosomes to traverse them, and (iv) 
scanning ribosomes must recognize an appropriate start codon based on its identity and sequence 
context without the benefit of being positioned in the P site via base-pairing with the rRNA 
(120). 
 
The GTPase eIF2, in its GTP-bound form, recruits Met-tRNAi to the ribosome by forming the 
TC. A multifactor complex (MFC) of eIF1, eIF1A, eIF3, and eIF5 promotes TC recruitment. In 
addition to binding to one another, these factors also bind directly to the 40S ribosome along 
with TC, forming a highly stable 43S PIC. eIF1 and eIF1A promote the open conformation of the 
ribosome, facilitating both rapid TC loading and mRNA recruitment. Binding of the PIC to 
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mRNA near the 5’ cap is also stimulated by interactions between eIF3 and eIF5 in the PIC and 
the eIF4F complex (composed of eIF4G, eIF4E, and eIF4A) bound to the cap, and by poly(A)-
binding protein (PABP) and RNA helicases. The PIC then scans the mRNA base-by-base in a 5’-
to-3’ direction until an AUG in appropriate sequence context is recognized. The GTP on eIF2 
may be hydrolyzed during scanning, but release of Pi from eIF2-GDP-Pi is blocked by the 
scanning PIC until an appropriate start codon is recognized. Base pairing between the AUG and 
the anticodon of Met-tRNAi in the P site triggers the cessation of scanning, dissociation of eIF1, 
release of Pi from eIF2-GDP-Pi, dissociation of eIF2-GDP from Met-tRNAi in a complex with 
eIF5, followed by release of other initiation factors, and culminating in joining of the large (60S) 
subunit to the 40S initiation complex, catalyzed by eIF5B. The end result of translation initiation 
is an 80S ribosome containing Met-tRNAi base paired to an AUG in the P site, ready to proceed 
into the elongation phase of translation. 
 
1.4.1 TC formation 
 
The initiator tRNA required for recognition of an AUG start codon is delivered to the 40S 
ribosome in ternary complex with GTP-bound eIF2. The heterotrimeric eIF2 complex acts as a 
G-protein, requiring eIF5 as a GTPase activating protein (GAP) and eIF2B as a guanine 
nucleotide exchange factor (GEF), and displays 100-fold greater affinity for tRNAi when bound 
to GTP vs. GDP (121-123). The loss of the positive interaction between eIF2 and Met-tRNAi 
upon GTP hydrolysis facilitates release of eIF2 for reuse following start codon recognition (123). 
A prominent mechanism of translational control in eukaryotes operates through phosphorylation 
of eIF2, limiting the availability of eIF2•GTP to form new TC by inhibition of eIF2B. Many 
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aspects of eIF2 are discussed in greater detail in section 1.5. Conserved features of Met-tRNAi 
contribute to TC formation, including the bound methionine. eIF2 displays > 10-fold lower 
affinity for deacylated tRNAi and 20-fold lower affinity for elongator methionyl tRNA (Met-
tRNAe) compared to Met-tRNAi (123). These affinity differences likely serve as quality checks 
to ensure that only tRNAi charged with methionine is loaded onto the PIC. While initiator Met-
tRNAi can replace the elongator Met-tRNAe in the elongation phase of protein synthesis in vivo, 
Met-tRNAe cannot act in initiation (124). The first base pair of the tRNAi acceptor stem, 
A1:U72, imparts preferential eIF2 binding to Met-tRNAi versus Met-tRNAe, where it is replaced 
by a G:C base pair (124, 125). This base pair has also been shown to improve Met-tRNAi 
binding to eIF2 by orienting the methionine moiety in its recognition pocket (123). The G31:C39 
base pair in the ASL cooperates with A54 and A60 in the T loop to impart initiation-specificity 
to Met-tRNAi by strengthening the hydrogen bond network, allowing appropriate deformation of 
the anticodon stem during AUG recognition, as well as preventing the use of initiator tRNA 
during elongation (126). 
 
1.4.2 PIC assembly 
 
Factors eIF1 and eIF1A bind directly to the 40S subunit and facilitate loading of TC (127-129). 
Although these factors bind to separate sites on the 40S, their 40S-binding is thermodynamically 
coupled, and both factors are required for stable and efficient binding of TC in vitro (130, 131). 
eIF3 also enhances recruitment of TC to the 40S subunit and stabilizes the PIC (132-136). 
Cooperative binding of these factors induces conformational changes in the SSU that result in 
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rotation of the 40S head, opening the latch and widening the mRNA entry channel (127, 137, 
138).  
 
The ability of eIF1 and eIF1A to stimulate TC binding to the 40S support a sequential model of 
43S PIC assembly, but an en masse mechanism has also been proposed. In this latter model, 
factors eIF1, eIF2, eIF3, and eIF5 cooperate to form a multi-factor complex (MFC) that binds to 
the PIC simultaneously with the Met-tRNAi (139). This complex has been isolated in yeast, as 
well as plant and mammalian cells, and can be separated from the 40S subunit in cellular extracts 
(139-141). The MFC may enable cooperative recruitment of initiation factors to the PIC (142). It 
is consistent with the multiple known interactions among these factors, which are required for 
efficient protein synthesis in vivo. eIF5 has independent contacts with eIF1, eIF1A, eIF2β, and 
the NTD of eIF3c (143, 144). eIF1 binds directly to eIF3, as does eIF2, through the eIF3a-CTD 
(145-147). The exact function of the MFC and relative biological importance of an MFC 
pathway to PIC formation vs. the individual recruitment of initiation factors are not yet known 
(142). 
 
1.4.3 Closed loop formation and eIF4A helicase activity stimulate PIC attachment 
 
Scanning ribosomes typically initiate at the 5’-proximal AUG because 43S PICs load onto 
mRNA and begin scanning near the 5’ cap. Prior to 43S PIC binding, the cap binding protein, 
eIF4E binds the 7-methylguanosine cap and recruits the scaffolding protein eIF4G and the RNA 
helicase eIF4A to the 5’ end of mRNA. In addition to targeting the eIF4F complex (made up of 
eIF4E, eIF4G, and eIF4A) and the 43S PIC to the 5’ end of mRNA, cap binding also ensures that 
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a bound RNA is, in fact, mRNA. Interaction with eIF4G enhances the ability of eIF4E to bind 
the cap (148). Activation of eIF4A by eIF4G and eIF4E results in single-stranded RNA near the 
5’ cap that acts as a binding site for the PIC. Although eIF4A can bind and unwind mRNA on its 
own, these activities are enhanced by its assembly in the eIF4F complex (142). Although there is 
some evidence that more structured mRNAs display a stronger requirement for eIF4A, it has 
been found to promote translation of all mRNAs, even those with short, unstructured leaders 
(149-152). More recent evidence from in vitro studies and ribosome profiling suggests that the 
majority of cellular mRNAs have a strong dependence on eIF4A, regardless of their structural 
complexity (153, 154). There is also evidence to suggest that eIF4A enhances mRNA 
recruitment to the PIC by altering the structure of the 40S subunit independent of its helicase 
activity (155). 48S PIC assembly is greatly enhanced by the presence of eIF4B, particularly for 
long mRNAs with structured 5’-UTRs, or with high GC content (152, 156, 157). eIF4B binds 
directly to the 40S subunit near the mRNA entry channel and modulates the ribosomal 
conformation in this region (158). Recent data demonstrate that eIF4B can stimulate translation 
independently of eIF4A (159). 
 
In addition to binding eIF4E and directly activating eIF4A, eIF4G recruits the 43S PIC to mRNA 
by binding the PIC directly, through interactions with eIF5 in yeast and eIF3e in mammals (139, 
152, 160-164). While eIF4E binds the 5’ end of mRNA, PABP binds the poly(A) tail at the 
mRNA 3’ end. Interactions between PABP and both eIF4E and eIF4G result in circularization of 
the mRNA, forming a closed-loop structure with eIF4F tightly bound to the cap, which protects 
the mRNA from exonucleases and may aid in the recycling of ribosomes released at the stop 
codon following termination to the start codon of the same mRNA (165-169). It was found that 
 22 
initiation complexes can form on an AUG codon even when it occurs as the first triplet at the 
mRNA 5’ end in a reconstituted system, indicating that mRNA is threaded into the entry channel 
from the 5’ end rather than slotting into the mRNA binding cleft with the 5’cap-eIF4F assembly 
located just outside the exit channel pore, which would prevent utilization of a 5’-terminal AUG. 
Threading of the 5’ end into the entry channel envisioned in the first mechanism would likely 
necessitate dissociation of eIF4E from the cap (170). However, this evidence does not rule out 
the possibility that PICs may load near, but downstream of, the 5’ cap in vivo.  
 
eIF3 plays a major role in mRNA recruitment. It promotes the binding of the 43S PIC to native 
mRNAs and stimulates 48S formation (130, 152, 171-174). This is consistent with its role in 
stabilization of bound mRNA at both the entry and exit channels (136). eIF3j was shown to 
interfere with mRNA binding to 40S complexes lacking TC, indicating that it may impose a 
requirement for a completely assembled PIC prior to mRNA recruitment (152, 175). Binding 
domains for the m7G cap have been identified in mammalian eIF3d and eIF3l, suggesting that 
these regions of eIF3 may take the place of eIF4E in binding the 5’ cap during PIC attachment, 
consistent with the suggested dissociation of eIF4E during this process (170, 176). However, as 
these subunits are not present in yeast, the proposed dissociation of eIF4E from the cap to permit 
threading of the 5’ end of the mRNA into the entry channel may be only transitory with eIF4E 
re-binding the cap when it emerges from the exit channel. In summary, it appears that a network 
of interactions among the components of the PIC and members of the eIF4F complex facilitate 
mRNA recruitment and act to stabilize 43S PICs on mRNA (142). 
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1.4.4 Scanning  
 
Following mRNA recruitment, the PIC scans in a 5’ – 3’ direction along the mRNA. The basis 
for this directionality is not entirely understood, although the preference of eIF4F for an RNA 
duplex substrate with a 5’ overhang for eIF4A helicase activity may play a role (177). It has long 
been known that ATP is required for scanning, presumably for the ATP-helicase activity of 
eIF4A (178). It is not clear that eIF4A is a processive helicase. Rather, it is possible that 
directionality is imparted to the scanning process through a Brownian ratchet mechanism 
wherein helicases remove structure 3’ of the PIC and structures reform 5’ of the complex (179). 
This hypothesis fits with evidence for limited backwards scanning (180). However, recent 
evidence suggests that eIF4A may act via a processive mechanism in complex with eIF4B and 
eIF4G (181). The rate of scanning in vivo has been measured at ~8 bases/s (182). Longer 5’-
UTRs do not result in decreased translational efficiency, suggesting that the 5’-UTR is scanned 
by more than one PIC simultaneously (183). While the anticodon of Met-tRNAi is used to 
identify the AUG start codon, the precise method of sampling the mRNA sequence is not 
understood. Scanning requires the unwinding of secondary structure in order to allow the mRNA 
to thread through the 40S, as well as a conformation of the 40S subunit itself that is conducive to 
processive movement along the mRNA (12). Here, we will discuss the activity of helicases 
required for the dissolution of mRNA secondary structure. 40S conformation will be addressed 
in section 1.4.5. 
 
While it is logical that the DEAD-box helicases that function in PIC attachment to the mRNA are 
also utilized to unwind secondary structure during subsequent scanning, in practice it is difficult 
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to differentiate these two functions. It is known that depletion of eIF4A and eIF4B inhibit 
translation, although they are not sufficient to unwind strong stem loops (< -19 kcal/mol) (184). 
Even small decreases in cellular concentrations of eIF4A reduce bulk translation in vivo (185). 
Recent work has demonstrated that eIF4A can unwind a large stem loop on RNA tethered in an 
optical trap, but eIF4A is nonetheless a relatively weak helicase (177, 181, 186). By contrast, 
DEAD-box helicases Ded1 and Dhx29 do promote unwinding of strong stem loops (184, 187). 
Ded1 (Ddx3 in mammals) is essential for yeast growth and stimulates bulk translation in vivo, as 
well as the translation of reporter mRNAs with long or structured 5’-UTRs (153, 183, 188, 189). 
Consistent with this, ribosome profiling of conditional ded1 mutants in yeast revealed that while 
Ded1 is broadly required for translation, mRNAs with longer and more structured 5’-UTRs 
display a Ded1 hyperdependence (153). Further, Ded1 was shown to promote in vitro 
recruitment of PICs and assembly of 48S complexes on these hyperdependent mRNAs and 
synthetic mRNAs containing stem loops in their 5’-UTRs in complex with eIF4F (190). 
 
There is evidence that the DExH-box protein Dhx29 is also required to translate highly 
structured mRNAs. Dhx29 binds to the 40S subunit and hydrolyzes nucleotide triphosphates, 
stimulated by the 43S PIC (187). It promotes translation initiation in vivo and is required for 48S 
PIC assembly on mammalian mRNAs with structured 5’-UTRs in vitro (187, 191). Recent cryo-
EM structures show Dhx29 bound on the shoulder of the 40S subunit, near the mRNA entry 
channel latch (109). This site coincides with the binding site of eIF3j, indicating that these two 
factors do not bind in tandem (175). Importantly, Dhx29 was found to stabilize the PIC, 
facilitating visualization of the mammalian ribosome by cryo-EM (73, 109). While Dhx29 is not 
present in yeast, it enhances translation of many mRNAs in mammals. 
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1.4.5 Start codon selection 
 
While the scanning PIC generally initiates at the first 5’ proximal AUG, this is not always the 
case. For example, it is known to skip over AUG codons that are less than 5 nucleotides from the 
5’ cap, or those in poor sequence context. Accurate translation initiation thus depends on the 
ability of the ribosome to scan past some AUG codons and reliably initiate at others. In addition, 
certain start codons, such as near cognate codons (e.g., UUG) or AUG codons in poor context, 
act to regulate the levels of the proteins that they encode. Such a strategy is employed in the 
autoregulation of eIF1 described below. In the absence of a defined PIC-positioning sequence 
such as the bacterial Shine-Dalgarno sequence, how does the eukaryotic ribosome identify the 
correct start codon for initiation? Start codon recognition in eukaryotes is a complex process that 
involves base-pairing of the anticodon of Met-tRNAi to the start codon, conformational changes 
in the 40S subunit, and a web of molecular interactions among mRNA, tRNA, and rRNA 
sequences, ribosomal proteins, and initiation factors. 
 
Base pairing between Met-tRNAi and AUG was established as a primary determinant of start 
codon selection through yeast genetic experiments. Cells in which the HIS4 start codon was 
mutated from AUG to AGG were unable to synthesize His4 and were His-, but became His+ on 
ectopic expression of a Met-tRNAi variant in which the anticodon was mutated to CCU from 
native CAU. In these cells, introduction of an AGG codon upstream and out of frame from the 
HIS4 coding sequence (CDS) inhibited His4 production (192). Base pairing between AUG and 
Met-tRNAi in reconstituted mammalian PICs stabilizes the binding of TC to the 40S subunit (12). 
In a reconstituted yeast system, the on-rate of TC binding to 48S PICs was dramatically lowered 
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when the second or third position of the AUG start codon was altered, a defect that was 
suppressed by compensatory mutations in the Met-tRNAi anticodon (193). That the TC off-rate 
was less affected by the absence of an AUG start codon in these experiments (a four-fold range, 
compared to 70-fold change in on-rate) suggests a conformational change in which Met-tRNAi is 
more tightly bound following start codon recognition (193, 194). 
 
The conformational change suggested by Kolitz, et al. likely corresponds to the shift of the PIC 
from an open to a closed state upon AUG recognition (Fig. 1.7.4)(12). The binding of factors 
eIF1 and eIF1A was found to promote an open conformation of the yeast 40S subunit in which 
contacts between rRNA residues of h34 in the 40S head and h18 in the body, dubbed the ‘latch’, 
were lacking  (117). This conformation was presumed to promote scanning of the mRNA. 
Subsequent crystal structures of 40S•eIF1•eIF1A complexes from Tetrahymena and mammals 
displayed a closed latch, however (138, 195). A recent cryo-EM structure of a partial yeast 48S 
complex containing eIF1 and eIF1A obtained using mRNA with an AUC start codon and WT 
eIF2 and Met-tRNAi (rather than mutants expected to stabilize the closed complex) displayed an 
open latch (111). This structure (py48S-open) revealed an upward movement of the 40S head in 
response to a 7 – 8 Å change in the pitch of h28, resulting in an open latch and widened mRNA 
entry channel, as well as a widened P site. A second complex, also containing eIF1 and eIF1A, 
but utilizing an mRNA with an AUG start codon, demonstrated a closed latch similar to previous 
py48S structures (py48S-closed), suggesting that eIF1 and eIF1A are not sufficient for 
stabilization of the open complex (117). In the py48S-open complex, there are significantly 
fewer contacts between the PIC and mRNA in the entry channel, consistent with the idea that 
this conformation is conducive to mRNA attachment and scanning. This structure also lacks 
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many canonical contacts between Met-tRNAi and the 40S body in the P site as a result of an ~7 
Å lateral displacement of the 40S head and Met-tRNAi ASL. It has been proposed that Met-
tRNAi is not fully engaged in the P site in the open conformation of the PIC (POUT state) (196). 
This conformation is not compatible with start codon recognition, leading to the hypothesis that 
Met-tRNAi moves rapidly between the POUT and PIN states during scanning in order to sample 
mRNA codons (12). Met-tRNAi in the py48S-open complex is not in the POUT state and is 
instead base-paired to the AUC codon. However, the reduced contacts between the ASL and the 
40S body may facilitate reiterative sampling of mRNA triplets during scanning (117). By 
contrast, the py48S-closed structure displays a constricted mRNA entry channel and fully formed 
P site that presumably stabilize TC binding in the closed state and facilitate the cessation of 
scanning following start codon selection (111). 
 
Significant evidence exists that rRNA residues of the 40S subunit are involved in the recognition 
of an appropriate start codon. Genetic analysis of yeast 18S rRNA identified residues of h28 and 
h44 involved in stable binding of Met-tRNAi to the PIC, particularly the A928:U1389 base pair 
and conserved contacts with the P site codon or tRNAi (197). The A1193U substitution in h31 in 
the P site impaired start codon recognition in vivo (198). Evidence indicates that minor groove 
interactions of 18S residues G1575 and A1576 in h29 with highly conserved G-C base pairs in 
the anticodon stem loop (ASL) may stabilize Met-tRNAi binding and prevent the binding of 
alternative tRNAs as well as discriminating against non-AUG codons (12). Structural data 
support a role for h29, along with h24, in locking tRNAi into the P site, and increased sensitivity 
of G1575 and A1576 to hydroxyl radical cleavage in the presence of an AUC start codon rather 
than an AUG is consistent with this interpretation (110, 195, 199). Indeed, many rRNA residues 
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in the P site and mRNA entry channel displayed reduced cleavage in PICs reconstituted with an 
AUG versus AUC mRNA, suggesting that these residues are less accessible following start 
codon recognition and transition to the closed PIC conformation and PIN state (Fig. 1.7.4) (199). 
Structural data indicate that progressive rotation of the 40S head brings residues of the 18S 
rRNA into direct contact with tRNAi in the P site (110, 111, 117, 195). These detailed structures 
have allowed better predictions of the effects of specific residues in the P site on start codon 
selection, but the difficulty of creating and maintaining mutations in 18S rRNA has delayed 
further research in this interesting area. 
 
Specific interactions of Met-tRNAi with the PIC beyond base-pairing to the start codon also play 
an important role in allowing recognition of an AUG. eIF1 and the eIF1A CTT both impede 
rearrangement of Met-tRNAi to its closed state position through steric and electrostatic 
interactions with tRNAi itself, as discussed in further detail below (199, 200). The A1:U72 base 
pair, whose role in TC assembly was discussed above, also plays a role in stable binding of TC to 
the PIC (126). In addition, three consecutive G:C pairs in the ASL known to promote binding of 
Met-tRNAi to the P site in bacteria and to enhance the stability of reconstituted mammalian PICs 
have recently been demonstrated to modulate start codon selection (10, 201-203). Disruption of 
the third G:C pair, G31:C39, produced hyperaccuracy phenotypes, conferring increased selection 
of near-cognate UUG codons, and these phenotypes were abolished by substitutions of A54 and 
A60 in the T loop (203). Transition to the closed conformation of the PIC requires deformation 
of tRNAi, and it is possible that these T loop substitutions increase the flexibility of Met-tRNAi 
by disrupting hydrogen bonding between the T loop and the D loop, facilitating initiation at non-
AUG codons (111, 203, 204). Substitutions of C3:G70, decrease initiation accuracy, increasing 
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UUG initiation, and disrupt TC loading, indicating that this highly conserved acceptor stem base 
pair helps to stabilize the open/POUT conformation of the PIC, possibly in concordance with 
eIF1A (203). Thus, different regions of Met-tRNAi appear to function to ensure accurate 
translation initiation through different mechanisms.  
 
In addition to Met-tRNAi and the 40S subunit, initiation factors also play pivotal roles in start 
codon recognition. These interactions have been identified largely through yeast genetic screens 
for Gcd- phenotypes, as well as Sui- (suppressor of initiation codon) and Ssu- (suppressor of Sui-) 
phenotypes which affect the fidelity of start codon selection. Gcd- mutations result in 
constitutively derepressed GCN4 translation, mimicking the phosphorylation of eIF2α (Fig. 
1.7.5). Many classical Gcd- mutations affect eIF2 recycling or impair TC assembly, but this 
phenotype is also seen in mutants that impair TC loading, making it a useful tool to study factors 
that affect the stability of the open state to which TC binds. Sui- mutations relax the stringency of 
the requirement for an AUG start codon, increasing initiation at an in-frame near cognate UUG 
codon in a mutant HIS4 allele lacking its AUG start codon (suppressing the His- phenotype) or in 
HIS4-lacZ reporters (increasing expression of a reporter with a UUG start codon relative to a 
matched AUG reporter) (Fig. 1.7.6). Such mutants generally promote transition of the PIC to its 
closed, arrested state, resulting in elevated initiation at suboptimal start codons. Sui- mutations 
often coincide with a defect in TC binding (Gcd- phenotype) because they destabilize the open 
state of the PIC onto which TC loads (Fig. 1.7.4). Conversely, Ssu- mutations increase the 
stringency of start codon recognition, preventing initiation at near cognate UUG codons, even in 
the presence of a Sui- mutation in another factor (suppressing the His+ phenotype and decreasing 
expression of a HIS4-lacZ reporter with a UUG start codon) (Fig. 1.7.6). Ssu- mutations 
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generally stabilize the open conformation of the PIC, promoting continued scanning. Sui- and 
Ssu- mutations have been found in initiation factors 1, 1A, 2, 3, and 5, as well as Met-tRNAi and 
rRNA (as already mentioned above), and genetic and biochemical analyses of these mutants have 
shed considerable light on the mechanics of start codon selection by the scanning PIC (194). The 




eIF1 is a small, ~12 kD protein that binds to the platform of the 40S subunit near the P site and 
mRNA channel (114, 138). It is composed of an α/β core resembling several ribosomal proteins 
and RNA binding domains, and an unstructured NTT (205). The factor binds directly to eIF2β, 
the eIF5-CTD, and eIF3c, consistent with its involvement in the MFC (139). eIF1 plays a dual 
role in translation initiation, promoting the open conformation of the PIC that facilitates TC 
loading and scanning while preventing rearrangement to the closed conformation, imposing a 
strict requirement for AUG recognition (206). Its binding to PICs, along with eIF1A, is 
associated with opening of the latch at the mRNA entry channel and upward movement of the 
40S head (110, 111, 127). In addition to visualizing the open latch in a cryo-EM structure of 40S 
bound to eIF1 and eIF1A, Passmore, et al. provide biochemical evidence that both of these 
factors accelerate the TC binding to the open PIC, while only eIF1A stabilizes the interaction of 
TC with 40S. In fact, TC was bound more tightly in the absence of eIF1, suggesting that eIF1 
stabilizes the POUT state while opposing transition to the PIN state (127). During scanning, eIF1 
release is required for start codon recognition, placing eIF1 as a gatekeeper for the transition to 
the closed state of the PIC and start codon selection (129, 137, 207).  
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43S PICs require eIF1 in order to discriminate against start codons that are noncognate, are 
present in poor sequence context, or are <5 nucleotides from the 5’ end of mRNA, and low eIF1 
levels promote initiation at near cognate start codons and AUG codons in poor context genome 
wide  (151, 208). Accordingly, mutations were identified in the yeast SUI1 gene, encoding eIF1, 
that lower initiation fidelity and confer a Sui- phenotype (209). eIF1 dissociation from the PIC 
triggers and, along with eIF5, controls the rate of Pi release from eIF2 (207, 210, 211). In Sui- 
mutants, in which UUG initiation is elevated, overexpression of eIF1 consistently decreases this 
near cognate initiation, while lowered eIF1 levels decrease initiation accuracy (12, 212). 
Mutations in eIF1 Loop 1 that weaken the binding of eIF1 to the 40S subunit reduce the rate of 
TC loading (Gcd-) and elevate initiation at near cognate codons (Sui-) and were shown to 
destabilize the open state of the PIC in vitro (212, 213). In contrast, eIF1 mutations that improve 
binding to 40S display Ssu- phenotypes by impeding transition of the PIC to the closed state 
(212, 214).  
 
Recent structural evidence indicates that eIF1 bound to the open PIC would clash with the 
closed-state Met-tRNAi in two locations: eIF1 β-hairpin Loop 1 with the ASL and eIF1 Loop 2 
with the D loop of tRNAi (91, 110, 195). Comparing the py48S-open structure with py48S-
closed revealed that Met-tRNAi moves relative to eIF1 during the downward movement of the 
40S head upon start codon recognition, and that the resulting predicted clashes are resolved by 
remodeling of eIF1 Loops 1 and 2 (111). Remodeling of Loop 1 disrupts contacts between eIF1 
and the 40S and is therefore expected to weaken eIF1 binding, consistent with the Sui- and Gcd- 
phenotypes of Loop 1 mutants described above (212-214). Substitutions in eIF1 Loop 2 
conferred Sui- phenotypes without affecting eIF1 affinity for the 40S subunit, indicating that a 
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clash between eIF1 and the D-loop inhibits transition of Met-tRNAi to its closed state position at 
non-AUG codons (200). Mutations in Loop 2 do not confer Gcd- phenotypes. Because they 
alleviate a clash between eIF1 and the D-loop without affecting the stability of eIF1 binding, 
they remove an impediment to the closed state, allowing open-to-closed transition at non-AUG 
codons (Sui-), but they do not destabilize the open complex, and so do not affect the rate of TC 
loading (not Gcd-). 
 
The start codon of the eIF1 gene itself exists in poor sequence context, conserved in diverse 
eukaryotes, which is used as a mechanism to autoregulate cellular eIF1 levels (215). When eIF1 
levels are high, the binding equilibrium shifts such that more PICs retain eIF1, increasing 
initiation stringency, with the result that the poor-context eIF1 AUG is skipped over with greater 
frequency. However, when eIF1 levels drop, eIF1 occupation on PICs decreases, allowing more 
frequent initiation at the eIF1 CDS. Accordingly, mutations that weaken eIF1 binding to the 40S 
raise eIF1 levels by relaxing the requirement for good context, while substitutions that enhance 
eIF1 binding increase discrimination against the eIF1 start codon, lowering eIF1 levels (212, 





eIF1A is universally conserved in all kingdoms of life (216). Structurally, it shares an 
oligonucleotide/oligosaccharide binding fold (OB) domain with its bacterial counterpart, IF1, as 
well as a similar binding site in the A site of the SSU (111, 138, 217-220). In eukaryotes, this 
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17.4 kD protein also contains a C-terminal subdomain with two α-helices and intrinsically 
disordered C- terminal tail as well as an unstructured NTT (220). The CTT contains short repeats 
called scanning enhancer (SE) elements, which promote the open complex and accelerate TC 
loading in cooperation with eIF1 and prevent transition to the closed state at non-AUG codons 
(221). Substitutions in these repeats impart Gcd- and Sui- phenotypes in vivo and reduce the rate 
of TC loading in vitro (196). Evidence from hydroxyl radical mapping indicates that the eIF1A-
CTT reaches into the P site and, like eIF1, might clash with Met-tRNAi in the closed PIC (220). 
Results from further DHRC mapping, as well as FRET assays with fluorescently labeled eIF1A 
and eIF1, are consistent with the notion that the eIF1A CTT is displaced from the P site 
following AUG recognition (137, 199). Start codon recognition triggers a strong interaction 
between the eIF1A CTT and the eIF5-NTD, helping to stabilize the closed conformation of the 
PIC (222, 223). Using FRET, Nanda et al. demonstrated that the eIF1A CTT moves toward the 
NTD of eIF5 upon AUG recognition, and that this movement is controlled by the rate of eIF1 
dissociation from the PIC (211). An interaction between eIF1A-CTT and the CTD of eIF5 in the 
open, scanning PIC was indicated by NMR evidence, suggesting that the eIF1A-CTT may 
promote the open state while bound to the eIF5 CTD and shift to vacate the P site and interact 
with the eIF5 NTD following AUG recognition, allowing it to stabilize the closed complex (206, 
224). SE mutants were found to uncouple eIF1 release from Pi release, impairing Pi release and 
eIF1A CTT relocation without affecting release of eIF1. These results suggest that movement of 
the eIF1A CTT towards the eIF5-NTD is required for Pi release (211).  
 
In addition to the scanning enhancer elements, two scanning inhibitor (SI) elements were 
identified in eIF1A: one in the NTT and one in the helix domain adjacent to the CTT. 
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Substitutions in these regions confer Ssu- phenotypes, increasing the fidelity of translation 
initiation (196, 223). This indicates that the SI elements promote the closed complex. 
Accordingly, mutation of NTT residues 17 – 21 in SI1 decreased initiation at the poor context 
AUG of eIF1, decreasing eIF1 levels (212). All but four residues of the eIF1A NTT are visible in 
a recent cryo-EM structure of a partial yeast 48S PIC (py48S), revealing that basic NTT residues 
(K7, K10, R13, and K16) contact the mRNA directly adjacent to the AUG codon (+4 to +6) and 
R14 contacts 18S rRNA, placing the end of the NTT at or near the codon:anticodon duplex 
(110). This grants molecular insight into the mechanism of SI1, which spans residues 1 – 26 of 
the NTT (196). Substitution of these basic NTT residues imparted Ssu- phenotypes in vivo, 
resulted in genome-wide discrimination against AUGs in suboptimal context (as measured by 
ribosome profiling), and destabilized PICs at UUG codons in vitro, suggesting that the eIF1A 
NTT helps to stabilize the closed conformation, and acts to promote appropriate usage of 




The 405-residue, 45 kD eIF5 performs a number of functions throughout translation initiation, 
and its complete role in start codon selection is still being uncovered. It is composed of 
functionally distinct N- and C-terminal domains connected by a long, flexible linker. The NTD 
resembles eIF1 in structure and houses a zinc finger, while the CTD forms an α-helical HEAT 
domain similar to that in eIF2Bε (225, 226). The eIF5-CTD plays an important role in formation 
of the MFC through direct interactions with eIF1, eIF2β, and eIF3c (139, 144, 146, 147, 227). 
Additionally, the CTD binds the RNA2 domain of eIF4G, suggesting that it plays a role in 
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recruitment of 43S PICs to mRNA, possibly in cooperation with eIF3 (144, 228, 229). The 
interaction of eIF5 with its binding site in eIF3c is additionally proposed to stabilize the scanning 
PIC by preventing an interaction of this region of eIF3c with eIF1. This interaction is thought to 
prevent eIF1 from binding to 40S (230). The eIF5 CTD also plays an important role in start 
codon recognition through its interaction with eIF1. This region of eIF5 has been shown to 
enhance eIF1 dissociation, promoting transition to the closed PIC (210, 211, 222). NMR data 
demonstrates that the CTD binds to eIF2β as well as eIF1 (143). Mutation of the eIF5-
CTD:eIF2β interface in a manner that does not disrupt eIF5-CTD binding to eIF1 results in 
inhibition of eIF1 release from the PIC and impaired start codon recognition, suggesting that 
eIF5-CTD:eIF2β interaction promotes the closed state by prompting eIF1 dissociation (143). 
More recently, it was demonstrated that the CTD binds to eIF2 and TC with affinity equal to the 
full eIF5 and promotes eIF1 release to the same extent seen for full-length eIF5, while the eIF5 
NTD has no effect (211). In addition, overexpression of eIF5 causes increased eIF1 release, 
resulting in a Sui- phenotype in yeast (210) and mammals (231). Like eIF1, eIF5 is autoregulated 
by a translational mechanism in which high eIF5 levels induce initiation at the poor-context 
AUG of an inhibitory uORF in eIF5 mRNA (231). Thus, it appears that the eIF5-CTD facilitates 
eIF1 release and stabilizes the closed PIC preferentially at AUG codons in appropriate sequence 
context. Thus, broadly speaking, eIF5 and eIF1 have opposing functions in controlling initiation 
accuracy, with eIF1 discriminating against, and eIF5 promoting, usage of poor initiation codons. 
 
The eIF5 NTD houses the GTPase activating protein (GAP) domain that stimulates hydrolysis of 
GTP on eIF2 and has been shown to bind directly to the eIF2γ G domain (232, 233). This GAP 
activity depends on eIF5-R15 in the unstructured N-terminus, mutation of which is lethal and 
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imparts a dominant defect in GTP hydrolysis (121, 207, 234). eIF5-R15 is predicted to interact 
with the GTP binding pocket on eIF2γ to allow GTP hydrolysis by stabilizing the necessary 
intermediate (112). As noted above, a combination of FRET and kinetic studies revealed that 
movement of the eIF1A CTT and eIF5 NTD toward each other is required for release of both P i 
and eIF1, and is dependent on SE elements in the eIF1A CTT (211, 222). Mutations in the SE 
elements decoupled Pi release from eIF1 dissociation (211). Consistent with this, the lethal, 
dominant Sui- mutant eIF5-G31R has been shown to strengthen the binding of eIF1A to PICs at 
near-cognate UUG codons, and this mutant also alters Pi release and stabilizes closed state PICs 
(214, 222, 235, 236).  
 
Until recently, there was little structural information available on the position of eIF5 within the 
PIC. Based on genetic and biochemical data, it was previously suggested that release of eIF1 
might prompt movement of eIF5 to the vacated eIF1 binding site, and that this movement might 
allow it to stimulate Pi release (210). A recent cryo-EM structure reveals a PIC lacking eIF1 in 
which the eIF5-NTD is bound near the P site in the eIF1 binding site, supporting this hypothesis 
(112). Thus, it appears that eIF5 may impart irreversibility to start codon selection by occupying 
the binding site of eIF1 following AUG recognition and preventing that factor’s rebinding. In 
this position, the NTD interacts extensively with Met-tRNAi, stabilizing it in a conformation 
thought to be an intermediate between start codon recognition and subunit joining. In this state, 
Met-tRNAi is bound deeply in the P site, but tilted toward the 40S body compared to previous 
PIN structures, presumably in preparation for eIF5B binding. Mutations predicted to disrupt 
interactions between Met-tRNAi and the eIF5-NTD based on this structure conferred Ssu- 
phenotypes in vivo, and disfavored transition to the closed PIC and also reduced the rate of Pi 
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release in vitro, all in the presence of a Sui- variant of eIF2 (encoded by SUI3-2), supporting the 
role of eIF5-NTD in stabilizing the closed state (112).  Similarly, eIF5-NTD mutations expected 
to stabilize interactions of the eIF5-NTD with the PIC result in Sui- phenotypes, most notably in 
the case of eIF5-G31R, which confers a strong Sui- phenotype by preferentially accelerating Pi 
release and stabilizing the closed state at UUG codons, potentially by preventing interaction of 
the eIF5-NTD with the eIF1A-CTT. 
 
In addition to its roles in PIC assembly and start codon recognition, eIF5 acts as a GDP 
dissociation inhibitor (GDI) by tightly binding eIF2•GDP following Pi release, preventing any 
spontaneous release of GDP and ensuring recycling through eIF2B (237). This activity requires 
the eIF5-CTD and central linker region, but not the NTD. As mentioned above, the CTD and 
linker interact with eIF2γ and eIF2β (233, 238, 239). eIF5 and eIF2B share a conserved eIF2 
binding site, and approximately 40% of cellular eIF2 is sequestered in complex with eIF5 (240, 
241). Overexpression of eIF5 impedes TC formation, an effect intensified by mutations in eIF2B, 
whereas overexpression of the catalytic subunit of eIF2B exacerbates eIF5 mutations, indicating 
competition between eIF5 and eIF2B for binding eIF2 (240). It is proposed that eIF5, in its role 
as GDI, dissociates from the PIC in a complex with eIF2•GDP and delivers eIF2•GDP to eIF2B, 
which acts as a GDI dissociation factor (GDF) to release eIF5 from eIF2•GDP and permit eIF2 
cycling by eIF2B (238, 242, 243). The GDI function of eIF5 makes a critical regulatory 
contribution to the inhibition of GEF activity by eIF2α phosphorylation (237). Indeed, 
overexpression of eIF5 mimics eIF2α phosphorylation, activating ATF4 translation in mammals 
(244). While this activation could be the result of decreased TC availability resulting from 
impaired eIF2 recycling, as described above, it is also possible that eIF5 plays a more direct role 
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in the important translational control pathway mediated by eIF2α phosphorylation. This system 
is made more complex in mammalian cells and other higher eukaryotes by the presence of an 
eIF5 mimic protein (5MP), whose competition with eIF5 for eIF2 binding has been proposed to 




eIF3 is the largest and most complex initiation factor, consisting of five subunits in yeast and 13 
in most multicellular eukaryotes (229, 246-249). This multisubunit complex has been implicated 
in nearly every step of translation initiation (135, 250). In S. cerevisiae, eIF3 is composed of five 
core subunits (eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i), which are required for translation in vivo 
(229, 250-252). A sixth subunit, eIF3j, is nonessential and is present at substoichiometric levels. 
Although research into the functions of eIF3j is ongoing, it has been shown to enhance 
interaction of eIF3 with other initiation factors and promote eIF3 binding to the 40S subunit, as 
well as performing a role in processing 20S pre-rRNA (175, 253-256).  
 
While the core of eIF3 binds on the solvent face of the 40S subunit, extensions from the eIF3a-
CTD and eIF3c-NTD nearly encircle the SSU, reaching from the mRNA entry channel around 
the solvent face past the mRNA exit channel to near the P site (109, 111, 114, 116, 249). This 
expansive positioning helps to explain the diverse roles of eIF3, from involvement in TC 
assembly and 43S PIC formation to scanning and stabilizing the 48S PIC (137, 139, 145, 189, 
255, 257, 258). It has been suggested that eIF3 may act to coordinate these events (135). Genetic 
and biochemical data implicate eIF3 in interactions with eIF1, eIF1A, and eIF5, as well as with 
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the TC (128, 139, 145, 146, 205, 229). It has also been demonstrated that eIF3 stays bound to 
ribosomes during the translation of short uORFs and facilitates reinitiation at downstream ORFs 
(259). Recent data further implicate eIF3 in translation termination (135). Much of the structure 
is flexible, and while recent structural studies have revealed considerable new information about 
the shape and position of eIF3, several regions remain unresolved. Research continues into the 
many facets of this far-reaching factor. 
 
eIF3 interacts with 40S subunits near both the mRNA entry and exit channels (109, 260-263). It 
has been shown to crosslink to mRNA at nucleotides -8 to -17 in the exit channel (numbered 
from the A at +1 of an AUG positioned in the P site) (261). In addition, a mutation in the NTD of 
eIF3a, a segment located near the exit channel, perturbs mRNA recruitment to the 43S PIC in 
yeast (258). Recent high resolution cryo-EM structures of eIF3 bound to a partial yeast 43S or 
48S PIC reveal a heterodimer of PCI (Protease/Cop9/eIF3) domains comprised of the eIF3a 
NTD and eIF3c CTD bound near the mRNA exit channel, while eIF3i, eIF3g, the eIF3a CTD, 
and the C-terminal region of eIF3b form a separate subdomain bound near the entry channel 
(111, 114, 136). An analysis of mRNA recruitment in an in vitro system using mRNAs designed 
to leave either the entry or exit channel empty revealed that contacts near the entry channel play 
a role in TC binding to the PIC and facilitating mRNA recruitment, while contacts near the exit 
channel stabilize the binding of mRNA in the 48S PIC (136). Recent studies from our lab 
demonstrated that basic residues of the entry channel ribosomal protein Rps3 in proximity to the 
mRNA are functionally redundant with eIF3 in stabilizing mRNA contacts with the PIC, 
indicating that eIF3 may also function at the entry channel to stabilize mRNA binding to the PIC 
in concert with ribosomal proteins (119). 
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1.4.10 Subunit joining 
 
Following AUG recognition, the 48S PIC in the closed conformation contains Met-tRNAi base 
paired to AUG in the P site and retains the initiation factors bound before start codon selection, 
except for eIF1. Based on structural data, it is apparent that eIF2•GDP must dissociate from the 
intersubunit face prior to subunit joining. eIF2•GDP dissociation is likely aided by its reduced 
affinity for Met-tRNAi following Pi release, and there is evidence that it dissociates in complex 
with eIF5, as described above (123, 237). The timing of eIF3 release is not known, although 
there is evidence, noted above, that it remains bound to the translating ribosome long enough to 
induce reinitiation following translation of short ORFs (264). Rather than dissociate, eIF1A 
becomes more tightly bound to the 48S PIC following eIF1 release (110), and stimulates the final 
step of initiation, joining of the 60S subunit, as described next.  
 
eIF2•GDP dissociation is stimulated by binding of the GTPase eIF5B, which promotes 60S 
subunit joining (265-267). eIF5B is a universally conserved initiation factor, the homolog of IF2 
in bacteria, and although it is not essential, deletion of its structural gene FUN12 in yeast results 
in a strong translation initiation defect (266, 268). Although the 40S and 60S subunits naturally 
bind each other in vitro, particularly at high concentrations of magnesium ions, the presence of 
other initiation factors in the 48S PIC necessitate eIF5B to stimulate this reaction, both in vivo 
and in vitro (142, 267). The crystal structure of the four-domain archaeal aIF5B exhibits a cup-
like structure consisting of a G domain, domain II, and domain III, while domain IV forms a kind 
of base, connected to the cup by a long α-helix (194, 269, 270). Compared to archaea, both 
eIF5B and the bacterial IF2 contain an additional N-domain which is poorly conserved and was 
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shown not to be necessary for eIF5B function (271). Interaction of the unstructured eIF1A CTT 
assists the binding of eIF5B to the ribosome through interaction with the eIF5B CTD, in an 
interaction unique to eukaryotes, which stimulates subunit joining as well as hydrolysis of 
eIF5B-bound GTP (128, 272-274). Crystallographic and NMR data confirm an interaction of the 
eIF1A-CTT with domain IV of eIF5B (275, 276). 
 
Binding of GTP results in conformational changes to eIF5B, that may include release of domain 
III, allowing greater flexibility throughout domains III and IV (270). Domain IV may then be 
stabilized by binding to Met-tRNAi, explaining the lack of catalysis by eIF5B in the absence of 
Met-tRNAi in the P site (274). This interaction appears to depend on the methionylated 3’-CCA 
end of Met-tRNAi (115). Binding of eIF5B may stabilize Met-tRNAi on 48S PICs following 
eIF2•GDP release, preventing either Met-tRNAi dissociation or continued scanning of the PIC 
(194). Consistent with this, yeast genetic experiments revealed that 48S PICs are less stable and 
that leaky scanning is increased in vivo in the absence of eIF5B (277). GTP hydrolysis is 
required for release of eIF5B and eIF1A from 80S PICs following subunit joining, and it is 
believed to alter the 80S conformation to allow eIF1A release (274). Mutations that impair GTP 
hydrolysis by eIF5B prevent eIF1A dissociation and result in severe growth phenotypes in yeast, 
although they do not prevent subunit joining (271, 278-280). After the release of these factors, 
the 80S ribosome is poised to begin elongation. 
 
Together, these data present the following detailed model of start codon selection by the 
scanning mechanism in eukaryotes. eIF1 and eIF1A bind to 40S subunits, possibly as members 
of a multi-factor complex with eIF3 and eIF5, and promote the open conformation of the SSU 
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(Fig. 1.7.7 (i)). eIF2-GTP in ternary complex with Met-tRNAi is recruited to the PIC by 
interactions with members of the MFC. This open conformation, together with the helicase 
activity of eIF4A, recruited to the mRNA cap as a subunit of eIF4F complex, eIF4B, and 
interactions of eIF4G with 40S-bound eIF3 or eIF5, enable recruitment of the newly formed 43S 
PIC to the 5’ end of mRNA. The 43S PIC then scans along the mRNA toward the 3’ end, 
assisted by the helicase activity of eIF4A, enhanced by eIF4B, and by helicase Ded1. The GTP 
on eIF2 may be hydrolyzed during scanning, but the inorganic phosphate is not released (Fig. 
1.7.7 (ii)). When an AUG in good sequence context is encountered, it base pairs to the anticodon 
of Met-tRNAi, causing a conformational shift of the tRNA, which is bound deeper into the P site 
(PIN). This movement results in clashes of Met-tRNAi with eIF1 Loops 1 and 2 and with the 
eIF1A-CTT (Fig. 1.7.7 (iii)). These clashes are likely alleviated by deformation of eIF1 Loops 1 
and 2 and displacement of eIF1 on the 40S platform (Fig. 1.7.7 (iv)), leading to eIF1 dissociation 
from the 40S subunit. Release of eIF1 triggers movement of the eIF1A CTT from the P site and 
interaction with the eIF5 NTD. Dissociation of the eIF1A-CTT from the eIF5-CTD enables the 
latter to interact with eIF2, and the alternative interaction of eIF1A-CTT with the eIF5-NTD 
gates Pi release, allowing completion of GTP hydrolysis on eIF2. At the same time, the NTD of 
eIF5 shifts to occupy the eIF1 binding site, preventing eIF1 reassociation (Fig. 1.7.7 (v)). The 
eIF2•GDP dissociates from Met-tRNAi and is released from the PIC in a complex with eIF5. 
eIF5B then binds the 48S PIC, aided by interaction with the eIF1A CTT, and possibly through 
contacts with Met-tRNAi, and facilitates joining of the 60S subunit. Hydrolysis of the GTP 
bound on eIF5B allows release of eIF5B and eIF1A. Thus, the end result of translation initiation 
is an 80S ribosome containing a Met-tRNAi base paired to a start codon in the P site, possibly 
bound by eIF3, and ready to continue into translation elongation. In spite of the many molecular 
 43 
interactions already determined to play a role in start codon recognition, much work remains to 
determine the order of events and the energetics of the process, and to uncover additional 
contacts involved in the network of interactions that determine the accuracy of start codon 
selection. In this work, we examine the roles of eIF2β and Rps26/eS26 in this process, and 
determine that they work to stabilize the open and the closed states of the PIC, respectively, 
expanding our understanding of the nuanced mechanism that governs the recognition of an 




An important mechanism for regulating both global and mRNA-specific translation initiation 
involves phosphorylation of the -subunit of eIF2. The eIF2 is a heterotrimeric G protein made 
up of α, β, and γ subunits, encoded in yeast by the genes SUI2, SUI3, and GCD11, respectively 
(281-283). In its active, GTP-bound state, eIF2 binds Met-tRNAi and delivers it to the 40S 
ribosome in a ternary complex (TC), as described above. Through phosphorylation of the α 
subunit, which reduces its activity, eIF2 is also a key regulator of translation initiation. Although 
there is no bacterial ortholog of eIF2, it is well conserved throughout archaea and eukaryotes. 
Recent cryo-EM structures of the PIC, as well as an archaeal crystal structure of aIF2, reveal that 
eIF2γ forms the core of the complex to which the α and β subunits bind (Fig. 1.7.8 A) (110, 111, 
284, 285). There is no evidence of direct interaction of eIF2α and eIF2β in yeast or archaea (110, 
111, 285, 286). Possible interactions between these two subunits have been reported in a 
reconstituted human system (287).  
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eIF2α is made up of an N-terminal oligonucleotide/oligosaccharide binding (OB)-fold domain 
that interacts with the Met-tRNAi ASL and contains the conserved phosphorylation site, serine 
51 (S51), in a mobile loop, a central α-helical domain that contacts the D- and T-loops of tRNAi, 
and a C-terminal α/β domain, which contacts the tRNAi acceptor stem and binds eIF2γ, and is 
connected to the α-helical domain via a long, flexible linker (110, 111, 285, 288, 289). The 
features of eIF2β that are well conserved among archaea and eukaryotes include an N-terminal α 
helix that binds tightly to eIF2γ, a central helix-turn-helix (HTH) domain, and a C-terminal zinc 
binding domain (ZBD) (286, 290-292). The eukaryotic protein also includes a presumably 
unstructured N-terminal extension that contains three lysine-rich K-box elements, as well as a 
short (~15 residue) C-terminal extension (293). Before this work, much of the structure of eIF2β 
remained unresolved. At 57 kD, eIF2γ is the largest of the subunits and acts as the core of the 
eIF2 complex. It consists of an N-terminal domain housing the GTP binding site and two β-
barrel domains in both archaea and eukaryotes, with a eukaryote-specific N-terminal extension 
of up to 90 residues (194, 293). The G domain of eIF2γ is similar in amino acid sequence and 
structure to the bacterial elongation factor EF-Tu, which facilitates the binding of aminoacyl-
tRNAs in the ribosomal A site (283, 294). eIF2γ serves a similar function, although with greater 
specificity, by binding Met-tRNAi in the P site during initiation (194).  
 
1.5.1 eIF2 recycling by eIF2B 
 
eIF2 is recycled in successive rounds of translation by replacement of GDP on eIF2•GDP with 
GTP (Fig. 1.7.5 A). The GTP-bound form of eIF2 has a 50- to 100-fold greater affinity for Met-
tRNAi than the GDP-bound form (123, 207). eIF2•GTP thus forms a ternary complex with Met-
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tRNAi and delivers it to the ribosome during translation initiation. Hydrolysis of eIF2-bound 
GTP occurs during scanning, requiring eIF5 as a GTPase activating protein (GAP), and is 
completed with Pi release following start codon recognition. The resulting eIF2•GDP leaves the 
ribosome with eIF5, which also acts as a GDP dissociation inhibitor (GDI) to prevent 
unregulated release of GDP from eIF2. eIF5 delivers eIF2•GDP to its guanine nucleotide 
exchange factor (GEF), eIF2B, which acts as a GDI displacement factor (GDF), displacing eIF5, 
all as described above. eIF2B consists of five subunits, α – ε, with the GEF domain housed in the 
~200 C-terminal residues of the ε subunit. Cellular levels of GTP are much higher than those of 
GDP. eIF2B catalyzes guanine nucleotide exchange by decreasing the binding affinity of eIF2 
for GDP, allowing eIF2 to bind the readily available GTP and begin a new cycle of initiation by 
binding Met-tRNAi (reviewed in (194)). 
 
1.5.2 Integrated Stress Response 
 
In addition to its role in various disease states, the regulation of translation also plays a critical 
role in the cellular response to a variety of stressors, including temperature stress, nutrient stress, 
ER stress, and viral infection. Surprisingly, these disparate stressors were found to down-regulate 
translation through a central mechanism known as the integrated stress response (ISR), mediated 
by the key mechanism for translational control involving phosphorylation of eIF2α on S51 
(reviewed in (295, 296)). In mammals, there are four eIF2α kinases, each activated by a distinct 
stressor. PERK responds to ER stress resulting from unfolded proteins, HRI is activated by heme 
deprivation, PKR mediates the cellular response to the presence of double stranded RNA during 
viral infection, and GCN2, the only eIF2α kinase conserved in yeast, is activated by nutrient 
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stress. These four kinases, each of which phosphorylates the same residue (S51) of eIF2α, 
constitute the Integrated Stress Response (ISR), reducing bulk translation while upregulating 
specific stress response genes. Phosphorylation of eIF2α leads to an excessively stable 
interaction with eIF2B, sequestering the latter in an inactive complex and preventing recycling of 
the unphosphorylated eIF2•GDP to eIF2•GTP. The ensuing reduced concentration of eIF2•GTP 
and attendant decrease in TC formation results in a global down-regulation of translation. This 
decrease in protein synthesis is an appropriate response to many stressors, conserving resources 
and preventing the translation of viral proteins. However, the expression of certain stress 
response genes increases during ISR. This apparent paradox can be explained by the unique 
translational control mechanism of the gene GCN4 (ATF4 in mammals). 
 
GCN4 is a transcription factor that transcriptionally activates amino acid biosynthetic genes. The 
GCN4 mRNA contains four upstream open reading frames (uORFs) 5’ of the main CDS. The 
first short uORF from the mRNA 5’ end (uORF1) encodes a three amino acid product and 
contains sequences that promote continued ribosomal scanning rather than recycling following 
termination at uORF1. After translating uORF1, the post-termination 40S ribosomal subunit 
resumes scanning and must acquire a new TC before it can reinitiate translation. Under normal 
cellular conditions, TC is readily available and loads rapidly onto the scanning ribosome, 
allowing it to reinitiate at uORF2, 3, or 4. After translating any of these uORFs, termination of 
translation will result in recycling of both ribosomal subunits from the mRNA. As a result, very 
few ribosomal complexes are able to scan to the GCN4 coding sequence, and GCN4 expression 
is extremely low (Fig. 1.7.5 B (i)). However, when eIF2α is phosphorylated in response to stress 
conditions, TC levels are reduced, increasing the likelihood that, following translation of uORF1, 
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the re-scanning ribosome will scan past all 3 remaining GCN4 uORFs before acquiring TC. In 
this case, the ribosome will reach the GCN4 start codon and, if TC has been loaded, it will 
initiate and synthesize the GCN4 gene product (Fig. 1.7.5 B (ii)). Through this unique process of 
translational control, the GCN4 gene is upregulated under stress conditions which globally 
downregulate translation. The GCN4 protein then promotes the transcription of other genes 
needed by the cell to mount a stress response. In mammals, ATF4 activation also results in the 
downstream activation of GADD34, an eIF2α phosphatase, providing negative feedback. 
 
Gcd- mutations in yeast activate the ISR in the absence of cellular stressors by constitutively 
derepressing GCN4. This phenotype is conferred by any mutation that, like eIF2α 
phosphorylation, allows ribosomes to scan to the GCN4 coding sequence following translation of 
uORF1 before obtaining a new TC, whether by decreasing TC abundance or by impairing the 
binding of TC to the PIC (Fig. 1.7.5 B (iii)). Gcd- mutations have been obtained in all of the 
subunits of eIF2B, which likely impair eIF2 recycling and mimic eIF2α phosphorylation, in the 
three subunits of eIF2 and Met-tRNAi, which likely reduce TC assembly, and in eIF1, eIF1A, 




The β subunit of eIF2 is involved in the process of eIF2 recycling and the ISR by anchoring eIF5 
and eIF2B onto the eIF2 complex through interaction with its eukaryotic-specific N-terminal K 
boxes. Deletion or disruption of all three K boxes of eIF2β is lethal, although deletion of one or 
two does not affect cell viability (297, 298). Removal of the K boxes conferred an mRNA 
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binding defect, but did not impact binding of Met-tRNAi to eIF2 in vitro (298). A conserved 
bipartite motif of acidic and aromatic amino acids located at the C terminus of both eIF5 and 
eIF2Bε was shown to mediate the binding of these factors to the N-terminus of eIF2β (297). 
eIF2β also plays an important role in binding Met-tRNAi, requiring the N- and C-terminal 
domains for maximal binding, with the C-terminal extension of eIF2β having the greatest impact 
on binding affinity (299). Additionally, residues of the N-terminal α-helix are required for 
binding to eIF2γ and thus eIF2 complex formation (300). The function of the C-terminal zinc 
binding domain (ZBD) in eIF2β has not been elucidated. Deletion of the ZBD imparts dominant 
Gcd- and recessive lethal phenotypes and impairs mRNA binding to eIF2β (298, 301). Point 
mutations of any of the cysteines of the zinc finger or the adjacent residues also result in 
recessive lethal phenotypes and confer dominant Sui- phenotypes (282, 301). These mutations 
(SUI3-2, encoded by S264Y, and L254P) display a higher intrinsic rate of GTP hydrolysis, 
independent of eIF5, which might underlie the increased initiation at near cognate UUG codons 
(235); however, this has been disputed. Because of the proximity of these residues to the eIF2γ G 
domain, it is possible that they normally act to prevent GTP hydrolysis or Pi release at non-AUG 
codons (12). 
 
Before the current work, little else was known about the role of eIF2β in start codon recognition. 
Previous structures of the eukaryotic ribosome did not include eIF2β (109, 110). New structural 
evidence, discussed in Chapter 2, visualized the previously unresolved eIF2β in the open and 
closed structure of the PIC (py48S-open and py48S-closed) (111). These structures revealed that 
the helix-turn-helix (HTH) domain of eIF2β contacts eIF1 and eIF1A in the open structure, while 
it is positioned away from these factors in the closed state (Fig. 1.7.8 B). Differential contacts 
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between eIF2β and Met-tRNAi in the open and closed states were also visualized for the first 
time (Fig. 1.7.8 C). These observations allowed us to predict residues of eIF2β, substitutions of 
which would alter exclusively the stabilization of either the open or closed state, as described in 
Chapter 3. Genetic and biochemical analyses based on these predictions revealed roles for eIF2β 
in anchoring eIF1 onto the open complex before AUG recognition, and in stabilizing Met-tRNAi 
in the open complex in the absence of a fully formed P site and tRNAi contacts with the 40S 
body that exist in the closed state. In addition, eIF2β in the open PIC prevents transition of Met-
tRNAi into its closed state position through steric and electrostatic clashes (302). These findings 
indicate a model in which Met-tRNAi is held in place by eIF2β, which also aids binding of eIF1 
onto the complex, promoting the open conformation. Following start codon recognition, eIF2β 
moves away from eIF1 and the Met-tRNAi ASL during head closure, destabilizing the open 
state, promoting eIF1 release, and allowing Met-tRNAi to transition to the closed state (Fig. 1.7.8 
D). These roles of eIF2β add to a growing network of interactions within the PIC that restrict 
initiation to appropriate start codons. 
 
1.6 Context Recognition 
 
While bacteria recognize a start site through direct base pairing to the Shine-Dalgarno sequence, 
the scanning mechanism of eukaryotic initiation relies on recognition of the AUG start codon by 
the anticodon of tRNAi, as described above. This process is aided by the nucleotides surrounding 
the start codon, referred to as context nucleotides. Optimal sequence context increases the 
likelihood of initiation from a given start codon, and is especially important for initiation at non-
AUG codons, such as UUG, where it presumably compensates for imperfect base pairing to the 
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Met-tRNAi anticodon (303). Marilyn Kozak identified the consensus sequence gccRccAUGG, 
which is preferred in most vertebrates, where lower case letters represent more variability, and R 
is a purine (A or G) (Fig. 1.7.9 A) (304, 305). 97% of vertebrate mRNAs contain a purine at the -
3 position (numbered from the A of AUG (+1)), and genetic analysis confirmed the importance 
of a purine at this position for start codon selection (306, 307). Although the consensus sequence 
differs in plants, ~80% of plant mRNAs contain purines at the -3 and +4 positions (308). 
Budding yeast also display a preference for a purine at the -3 position, usually A, and the rest of 
the optimal sequence context in yeast is simply poly(A) (309). Analysis of protein abundance 
resulting from yeast mRNAs differing in only one context nucleotide confirmed the importance 
of the contribution of context nucleotides in the -1 to -3 positions (310). Mutation of the 5’UTR 
upstream of the Kozak sequence (-9 to -15) revealed that this upstream region also impacts 
translation initiation (311).  
 
Despite the importance of the Kozak sequence for initiation efficiency, analysis of eukaryotic 
genomes reveals many genes that are initiated in poor sequence context. This raises the 
possibility that sequence context plays a regulatory role, allowing these genes to be initiated less 
frequently or under certain conditions. Indeed, it is known that eIF5 is regulated by such a 
mechanism (231). It has been observed that genes with non-optimal start codons also contain 
more secondary structure in their 5’UTRs (312). A recent study of Drosophila genes containing 
strong or weak Kozak context indicated that genes with weak sequence context were more 
sensitive to a decrease in initiation rate, but less sensitive to changes in elongation rate compared 
to genes with a strong initiation sequence context, providing a possible mechanism by which 
genes containing a start codon in poor context could be differentially regulated (313). It has been 
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suggested that such specific usage of genes initiating in poor context could mediate cellular 
responses to stress and other conditions, as well as playing a role in health and disease. However, 
in spite of the important role that context nucleotides play in start codon recognition, it is not 
known how the sequence context is recognized by the scanning ribosome. 
 
When an AUG is positioned in the P site, the important -1 to -3 context nucleotides lie in the E 
site, and the upstream context (-4 onward) is located in the exit channel (Fig. 1.7.2 C). eIF2α 
contacts the -3 nucleotide, potentially enforcing the requirement for a purine at this position (Fig. 
1.7.9 B) (110, 265). eIF2 complexes lacking eIF2α reduced the stimulatory effect on PIC 
assembly of a purine at the -3 position in a reconstituted mammalian system (265). In addition, 
the β-hairpin of Rps5/uS7, which also contacts the -3 nucleotide, is required for efficient and 
accurate start codon selection (Fig. 1.7.9 B) (314). As well as its direct contacts with mRNA, 
Rps5 also contacts eIF2α, forming differential contacts in the open and closed PIC that stabilize 
each state, respectively (315, 316). Thus, eIF2α and Rps5 may work together in context 
recognition, which would implicate both an initiation factor and ribosomal protein in this 
process. 
 
In addition to the -hairpin of Rps5/uS7, the SSU proteins Rps14/uS11, Rps26/eS26, and 
Rps28/eS28 contact mRNA in the exit channel (Fig. 1.7.9 C) (91). Of these, Rps5/uS7 and 
Rps26/eS26 directly contact the important -3 context nucleotide (Fig. 1.7.9 B, D) (195). 
Crosslinking studies implicate Rps26 in binding mRNA further upstream, at nucleotides -4 to -9, 
and more recent structural data supports contacts between Rps26 and such upstream context 
nucleotides (110, 317). Recent data indicate that Rps26 is required to maintain the preference for 
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the optimal Kozak sequence in yeast (318). Further, depletion of Rps26 was found to activate 
stress response pathways for high salt and pH stress, while ribosomes lacking Rps26 were 
generated in response to these stressors (318). Beyond supporting a role for Rps26 in recognition 
of start codon context, these data indicate a potential translational response mechanism to 
preferentially express genes with poor Kozak context under stress conditions. 
 
In order to examine the role of Rps26 in recognition of start codon context, we generated 
substitutions in highly conserved Rps26 residues implicated in crosslinking to mRNA, as well as 
those predicted to contact the -3, -4, and -5 nucleotides (Fig. 1.7.9 D). As described in Chapter 4, 
the loss of basic (K66, K70) or polar (Y68) residues contacting the mRNA upstream of the -9 
nucleotide, and particularly the introduction of acidic residues at these positions, resulted in 
strong Ssu- phenotypes, suggesting a role for Rps26 in stabilizing the closed PIC by binding to 
mRNA in the exit channel. Mutation of the region of Rps26 near the E site altered start codon 
selection in unexpected ways. Many substitutions in this region resulted in weak Sui- phenotypes 
(e.g., H80E, A81K), but displayed an apparent decoupling of AUG recognition from the 
preference for optimal start codon context, indicating that these phenotypes may result from 
different mechanisms, unlike most other known Sui- mutations. Other substitutions resulted in 
Ssu- phenotypes (N25A/H80A, A81D). These findings indicate a nuanced role for Rps26 in start 
codon and context selection that will require further study to fully dissect. 
 
Translation initiation in eukaryotes is a complicated process that depends on a complex network 
of interactions among rRNA, ribosomal proteins, initiation factors, and tRNA. Changes to these 
interactions alter the stringency of start codon selection and recognition of Kozak context, thus 
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altering the proteome. While the fidelity of initiation must be safeguarded, a growing body of 
evidence suggests that in many cases, modulation of initiation fidelity acts as a regulatory 
mechanism, resulting in differential protein expression. Dysregulation of this balance is 
associated with multiple disease states and congenital syndromes. Thus, a full understanding of 
the mechanisms of start codon selection is critical. Here, we demonstrate a dual role for eIF2β in 
start codon selection, in stabilizing the open PIC through interactions with Met-tRNAi and by 
binding eIF1, while also preventing the transition of Met-tRNAi to the closed state prior to AUG 
recognition through steric and electrostatic clashes. Further, we provide evidence that Rps26 
stabilizes the closed PIC following AUG recognition through its interactions with mRNA in the 
exit channel, possibly in cooperation with Rps3 in the entry channel, while playing a nuanced 
role in the recognition of Kozak context. These findings join a growing network of interactions 
that control and fine-tune the process of translation initiation to maintain the exact cellular 














Figure 1.7.1. Model of translation initiation in eukaryotes. 
Initiation begins with assembly of a ternary complex (TC) consisting of GTP-bound eIF2 and 
initiator methionyl tRNA (Met-tRNAi) that binds to the 40S small ribosomal subunit either on its 
own or as part of a multifactor complex (MFC) with eukaryotic initiation factors (eIFs) 1, 1A, 3, 
and 5, forming a 43S preinitiation complex (PIC). The eIF4F complex, consisting of the cap-
binding protein eIF4E, scaffolding protein eIF4G, and RNA helicase eIF4A binds the 5’ cap of 
mRNAs and forms a closed loop structure through interactions between eIF4G and the poly-(A) 
binding protein (PABP). The PIC is recruited to the 5’ end of mRNA via interactions with the 
eIF4F complex and scans in a 5’ to 3’ direction until an appropriate start codon is recognized. 
Following start codon recognition, eIF1 is released, hydroplysis of the GTP on eIF2 is completed 
with the release of inorganic phosphate, and structural changes in the PIC prevent further 
scanning. eIF5B binds to the resultant 48S PIC and recruits the large 60S subunit in preparation 
for elongation. eIF2•GDP is released from the complex and recycled via guanine nucleotide 
exchange facilitated by its GEF, eIF2B. (Hinnebusch and Lorsch, 2012) 
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Figure 1.7.2. Ribosomal structure. 
(A) Solvent face of the 40S subunit. Ribosomal proteins are shown in green and 18S rRNA in 
grey. (PDB 3JAP)  
(B) Intersubunit face of the 40S subunit. Ribosomal proteins are shown in green and 18S rRNA 
in grey. (PDB 3JAP)  
(C) Path of the mRNA through the ribosome. mRNA enters the ribosome above the shoulder and 
threads through a channel between the 40S head and body, winding around the neck through the 
A, P, and E decoding sites. When an AUG is present in the P site, the coding region 3’ of the 
start codon occupies the 12 nucleotide entry channel and A site. The +4 nucleotide sits in the A 
site nearest the P site. The first three upstream context nucleotides (-1 to -3) occupy the E site, 
and the context further upstream is located in the 12 nt exit channel.  
(D) Intersubunit face of the 60S subunit, showing the central protuberance (cp), L1 stalk (L1), 
and L7/L12 stalk (St). (Murray, 2016) 
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Figure 3. Conformational changes in 40S sturcure following AUG recognition. (A) py48S-open (yellow) and
py48S-closed (blue) structures of the ribosome demonstrate a 12 Å closure of the latch between h18 and h34, 
accompanied by a downward movement of the 40S head and constriction of the mRNA entry channel. (B) 
Rearrangement of the P site from a relatively open structure (py48S-open, left) to a constricted one (py48S-closed, 






Figure 1.7.3. Conformational changes in 40S sturcure following AUG recognition. 
(A) py48S-open (yellow) and py48S-closed (blue) structures of the ribosome demonstrate a 12 Å 
closure of the latch between h18 and h34, accompanied by a downward movement of the 40S 
head and constriction of the mRNA entry channel.  
(B) Rearrangement of the P site from a relatively open structure (py48S-open, left) to a 
constricted one (py48S-closed, right) is accompanied by the formation of contacts between 

























































































































































































































































































































































































































































































































































































































































































Figure 1.7.4. AUG recognition is accompanied by transition of the PIC from an open to a 
closed state. 
(i) Binding of eIF1 and eIF1A to the 40S small ribosomal subunit promotes the open 
conformation, to which TC rapidly binds. (ii) The open conformation facilitates mRNA loading 
and scanning, during which the mRNA is inspected for an AUG codon. In this state, Met-tRNAi 
is not bound fully in the P site (POUT). Hydrolysis of eIF2-bound GTP may occur during 
scanning, but Pi release is blocked by the presence of eIF1. (iii) Following AUG recognition, 
dissociation of eIF1 allows Pi release. The 40S subunit transitions to a closed, arrested state that 
is not conducive to continued scanning, featuring the constricted mRNA entry channel and P site 
shown in Fig. 1.7.3. Met-tRNAi is bound more deeply in the P site (PIN), resulting in tighter 












































































































































































































































































Figure 1.7.5. eIF2 cycle impacts cellular availability of TC.  
(A) eIF2•GTP binds Met-tRNAi to form TC (1), which participates in translation initiation by 
binding to the PIC. Upon start codon recognition, hydrolysis of the GTP on eIF2 is stimulated by 
the GTPase activating protein (GAP) activity of eIF5 (2). Pi is released and eIF2•GDP 
dissociates from the PIC in the company of eIF5, which acts as a GDP dissociation inhibitor 
(GDI) and delivers eIF2 to eIF2B (3). eIF2B displaces eIF5 on eIF2, acting as a GDI dissociation 
factor (GDF), resulting in an eIF2•GDP/eIF2B complex (4). eIF2B acts as a guanine exchange 
factor (GEF), facilitating nucleotide exchange to eIF2•GTP. eIF2, now charged with GTP, can 
begin a new cycle by forming a new TC (5).  
(B) GCN4, a stress response gene responsible for translational control in response to nutrient 
stress in yeast, contains four upstream open reading frames (uORFs). The first uORF of GCN4 
(uORF1) is short and contains sequences that promote continued ribosomal scanning. As a result, 
the scanning PIC must acquire new TC before it can reinitiate. In healthy, WT cells (i), TC loads 
rapidly onto the PIC, which then reinitiates at one of the other GCN4 uORFs. After translating 
this uORF, the ribosome dissociates normally, preventing translation of the GCN4 coding 
sequence. When phosphorylation of eIF2 in response to stress decreases TC levels (ii), or when a 
mutation prevents rapid TC loading (iii), the ribosome scans past uORFs 2, 3, and 4 before TC 
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Figure 5. Strains containing his4-301 used to assay initiation fidelity. Depiction of the WT HIS4 gene
and his4-301, in which the AUG start codon has been mutated to ACG. (i) Strains containing WT HIS4
can produce histidine and have a His+ phenotype. (ii) Otherwise WT strains containing his4-301 are not
able to produce HIS4 and are unable to grow on media lacking histidine. (iii) The introduction of a Sui-
mutation in an initiation factor decreases the fidelity of start codon selection, allowing initiation at a
downstream UUG, producing a His+ phenotype. Growth is seen on media lacking histidine, and when
assaying paired HIS4-lacZ reporters (below), the UUG:AUG ratio is increased. (iv) An Ssu- mutation
suppresses the Sui- phenotype of a mutation in another factor, abolishing the ability to initiate at UUG
downstream and restoring the His- phenotype of his4-301. There is a suppression of growth on –His








Figure 1.7.6. Strains containing his4-301 used to assay initiation fidelity. 
Depiction of the WT HIS4 gene and his4-301, in which the AUG start codon has been mutated to 
ACG. (i) Strains containing WT HIS4 can produce histidine and have a His+ phenotype. (ii) 
Otherwise WT strains containing his4-301 are not able to produce HIS4 and are unable to grow 
on media lacking histidine. (iii) The introduction of a Sui- mutation in an initiation factor 
decreases the fidelity of start codon selection, allowing initiation at a downstream UUG, 
producing a His+ phenotype. Growth is seen on media lacking histidine, and when assaying 
paired HIS4-lacZ reporters (below), the UUG:AUG ratio is increased. (iv) An Ssu- mutation 
suppresses the Sui- phenotype of a mutation in another factor, abolishing the ability to initiate at 
UUG downstream and restoring the His- phenotype of his4-301. There is a suppression of growth 
























































































































































































Figure 1.7.7. Model of start codon recognition. 
(i.) eIF1 and scanning enhancer elements in the CTT of eIF1A promote an open conformation of 
the 40S SSU to which TC binds, along with initiation factors of the MFC, including eIF5. The 
resultant 43S PIC loads onto the 5’ end of mRNA. (ii.) The open conformation of the PIC 
facilitates scanning in the 5’-to-3’ direction, during which the mRNA is sampled for 
complementarity to the anticodon of Met-tRNAi. The GTP on eIF2 may be hydrolyzed to 
GDP•Pi during scanning, but the release of inorganic phosphate is blocked by the presence of 
eIF1. (iii.) When an AUG is recognized, a conformational change of the 40S complex from an 
open to a closed state results in a constricted mRNA entry channel and P site. This change is 
accompanied by deformation of the tRNA as it binds deeper in the P site, facilitating base pairing 
of the anticodon to AUG. In its new position, Met-tRNAi clashes with Loops 1 and 2 of eIF1 and 
the CTT of eIF1A. (iv.) Clashes with Met-tRNAi in the closed state are alleviated by deformation 
of eIF1 Loops 1 and 2, and ultimately, displacement of eIF1 to the 40S platform. The eIF1A 
CTT dissociates from the eIF5 CTD and moves from the P site to interact with the eIF5 NTD. 
This results in a strong interaction between the eIF5 CTD and the NTT of eIF2β. (v.) 
Dissociation of eIF1 from the PIC and the interaction of the eIF1A CTT with the eIF5 CTD 
allow the release of Pi from eIF2. The NTD of eIF5 is repositioned to the eIF1 binding site, 
preventing reassociation of eIF1. 
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Figure 1.7.8. eIF2 stabilizes the open PIC while preventing transition to the closed state. 
(A) Structure of eIF2 bound in ternary complex with Met-tRNAi (grey) and bound to mRNA 
(teal). eIF2γ (orange) acts as a backbone for the complex, binding eIF2α (green), with the 
phosphorylation site S51 marked in blue, and eIF2β (purple). (pdb 3JAP, Llacer, 2015; presented 
in Dever, 2016)  
(B) Structure of eIF2β (red) binding Met-tRNAi (green) and eIF1 (cyan) in the py48S-open and 
py48S-closed complex. The contacts between eIF2β and eIF1 are lost in the closed complex. 
(pdb 3JAP, Llacer, 2015)  
(C) eIF2β (red) forms differential contacts with Met-tRNAi (green) in the py48S-open and 
py48S-closed complexes. Contacts between eIF2β and the anticodon stem loop are lost in the 
closed complex. (pdb 3JAP, Llacer, 2015)  
(D) Model depicting the dual role of eIF2β in start codon selection. (i) eIF1 promotes the open 
complex of the PIC to which WT TC rapidly loads. Mutations that disrupt the eIF2β:eIF1 
interface or eIF2β contacts with the ASL cause TC loading defects, confering Gcd- phenotypes. 
(ii) Once bound, eIF2β promotes the open conformation by helping to anchor eIF1 onto the 
complex and by stabilizing binding of Met-tRNAi through its contacts with the ASL. (iii) At the 
same time, eIF2β inhibits transition to the closed state in the absence of an appropriate start 
codon. Preventing eIF1 dissociation and stabilizing Met-tRNAi both help to prevent this 
transition. Further, eIF2β forms steric and electrostatic clashes with the closed state position of 







































Figure 1.7.9. Rps26/eS26 contacts critical nucleotides of the Kozak sequence. 
(A) Kozak consensus sequence in yeast and mammals. The presence of purines at the -3 and +4 
positions, marked in red, have been determined to have the greatest impacts on start codon 
selection.  
(B) Rps5/uS7 (gold) and eIF2α (purple) contact mRNA (orange) at the important -3 context 
nucleotide (black) in a structure of the py48S PIC. In addition, the C-helix of Rps5 interacts with 
eIF2α -D1. (pdb 3J81, Hussain, 2014; presented in Visweswaraiah, 2017)  
(C) Four ribosomal proteins, Rps5/uS7 (pink), Rps14 (red), Rps26/eS26 (orange), and 
Rps28/eS28 (blue) occupy the exit channel, with the potential to contact mRNA context 
nucleotides upstream of a start codon.  
(D) Depiction of py48S PIC showing contacts between Rps26/eS26 (orange) and mRNA (black). 
Proposed contacts based on structural evidence (i) and hydroxyl radical crosslinking (ii) are 

















2. Conformational Differences between Open and 
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Translation initiation in eukaryotes begins with the formation of a pre-initiation complex 
(PIC) containing the 40S ribosomal subunit, eIF1, eIF1A, eIF3, ternary complex (eIF2-GTP-
Met-tRNAi), and eIF5. The PIC, in an open conformation, attaches to the 5' end of the mRNA 
and scans to locate the start codon, whereupon it closes to arrest scanning. We present single 
particle cryo-electron microscopy (cryo-EM) reconstructions of 48S PICs from yeast in these 
open and closed states, at 6.0 Å and 4.9 Å, respectively. These reconstructions show eIF2β as 
well as a configuration of eIF3 that appears to encircle the 40S, occupying part of the subunit 
interface. Comparison of the complexes reveals a large conformational change in the 40S head 
from an open mRNA latch conformation to a closed one that constricts the mRNA entry channel 











In the first stage of eukaryotic translation initiation, the 40S ribosomal subunit and 
translation initiation factors eIF1, eIF1A, and eIF3 form a complex that facilitates loading of 
methionyl initiator tRNA (tRNAi) onto the 40S subunit as a ternary complex (TC) with eIF2-
GTP. eIF5, a GTPase activating protein (GAP) for eIF2, is thought to bind to this complex along 
with TC. The 43S preinitiation complex (PIC) thus formed binds to the capped 5′ end of mRNA 
in collaboration with the eIF4F complex, which consists of the cap-binding protein eIF4E, 
scaffolding protein eIF4G, and RNA helicase eIF4A. This 48S PIC, in an open conformation 
with tRNAi not fully engaged in the P site (POUT), then scans along mRNA. During the scanning 
process, GTP bound to eIF2 is hydrolyzed but the dissociated phosphate (Pi) is not released. 
Recognition of the start codon in the P site precipitates transition to a scanning-arrested, closed 
PIC with tRNAi accommodated in the P site (PIN). This rearrangement triggers release of eIF1 
and resultant dissociation of Pi (12, 319-321). 
One consequence of this process is that the mRNA cannot be threaded into the 40S 
subunit, because eIF4F is bound to the 5′ end, and hence must be loaded laterally into the mRNA 
channel. In the empty 40S subunit, this channel is closed because interactions between helix h34 
in the head and h18 in the body form a latch (127) that must open to allow initial loading of 
mRNA on the 40S subunit. It is thought that eIF1 and eIF1A promote the formation of an open 
conformation of the 40S subunit conducive to scanning (151, 322). Moreover, a low-resolution 
cryo-EM reconstruction (22 Å) of a 40S•eIF1•eIF1A complex suggested that eIF1 and eIF1A 
unlock the latch, but the factors themselves could not be seen in this structure (127). In contrast, 
all recent structures, including those with eIF1 and eIF1A, show the latch in a closed 
conformation (91, 92, 109, 110, 138, 195). A complete structure of the open conformation, in 
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which the positions of the various factors are visible, would shed light on the mechanism of 
initial mRNA loading, scanning, and start codon recognition, as well as the roles played by each 
factor in these events. 
Apart from capturing only the closed-latch conformation, previous structures are also 
incomplete in other ways. A recent 48S complex (py48S) from our groups shows details of the 
interaction of eIF1 and eIF1A with the ribosome and tRNAi during start-codon recognition, but it 
lacks density for most of the β subunit of eIF2 and all of eIF3 (110). eIF3 is the largest and most 
complex of the eIFs, and is involved in nearly every aspect of initiation (250, 323). Mammalian 
eIF3 consists of 13 subunits and has a molecular weight of ∼800 kDa, whereas eIF3 
in Saccharomyces cerevisiae and closely related yeasts is a ∼395 kDa complex of five essential 
subunits (eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i) and a sixth non-essential and substoichiometric 
subunit, eIF3j (145, 250). Crystal structures of parts of the various subunits of eIF3 from yeast 
have recently been solved (12, 324), and a cryo-EM structure of 40S•eIF1•eIF1A•eIF3 is now 
available (114). Domains of eIF3 were also modeled in a moderate resolution cryo-EM 
reconstruction of a partial mammalian 43S complex (hereafter pm43S) that lacked eIF1, eIF1A, 
eIF5, and mRNA (109). All known structures of eIF3 bound to the 40S, as well as crosslinking 
studies, indicate binding on the solvent surface of the subunit (109, 114, 324, 325). And yet eIF3 
has been shown to interact with eIF1, TC, and eIF5, all of which bind to the intersubunit surface 
of the 40S (12). How eIF3 interacts with components bound near the P site while itself binding to 
the opposite face of the 40S subunit remains a key question in understanding the mechanism of 
translation initiation. 
Here we have addressed these questions by determining a cryo-EM reconstruction at 
6.0 Å resolution of a partial yeast 48S complex (with mRNA containing a near-cognate AUC in 
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lieu of an AUG codon) that reveals an open, scanning-competent state with tRNAi not fully 
engaged in the P site, hereafter referred to as “py48S-open.” A second complex elucidated at 
4.9 Å resolution contains mRNA with an AUG codon that presents a closed conformation with 
the latch closed, entry channel constricted, and tRNAi locked into the PIN state, hereafter referred 
to as “py48S-closed.” These structures show clear density for eIF1, eIF1A, mRNA, the entire 
TC, including previously unseen eIF2β, as well as segments of eIF3. The py48S-open complex 
shows an open latch conformation, expanded entry channel and widened P site, suggesting 
mechanisms for loading and scanning of mRNA and is markedly different from a pm48S 
reconstructed at 11.6 Å (109). Comparison with py48S-closed illuminates the structural changes 
that occur within the 40S subunit, TC, and other eIFs during the transition from the open to 
closed state of the PIC that should arrest scanning and lock tRNAi into the P site and highlights 
the importance of the 40S head conformation and roles of eIFs in stabilizing the two states. We 
also observe portions of eIF3 on the subunit-joining interface of the 40S subunit in both 
complexes, showing how eIF3 can contact TC and eIF1 near the P site while remaining bound to 
the solvent face of the 40S subunit. 
 
2.3 MATERIALS AND METHODS 
2.3.1 Electron Microscopy 
Data were collected on an FEI Titan Krios microscope operated at 300 kV under low-
dose conditions (27 e−/Å2) using a defocus range of 1.8–3.2 μm. Images were recorded on a 
Falcon II detector at a calibrated magnification of 104,478 (yielding a pixel size of 1.34 Å). An 
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in-house system was used to intercept the videos from the detector at a speed of 16 frames/s 
exposures. Micrographs that showed noticeable signs of astigmatism or drift were discarded. 
 
2.3.2 Analysis and Structure Determination 
Particles were picked using RELION (326). Contrast transfer function parameters for the 
micrographs were estimated using CTFFIND3 (327). 2D class averaging, 3D classification, and 
refinements were done using RELION (326). 
Statistical movie processing was done (328) to improve resolution of all reconstructions. 
Resolutions reported are based on the gold-standard FSC = 0.143 criterion (329). Local 
resolution was estimated using RESMAP (330). All maps were further processed for the 
modulation transfer function of the detector and sharpened by applying negative B factors 
(−20 Å2 for py48S-open and −119 Å2 py48S-closed; estimated as in (331). 
 
2.3.3 Model Building and Refinement 
The atomic model of py48S (PDB: 3J81) was placed into density by rigid-body fitting 
using Chimera (332). Further model building was done in Coot (333). For py48S-open, the body 
and head of the 40S were independently placed. For eIF2β, models from its archaeal counterpart 
were employed (PDB: 3CW2, 2D74). Wild-type tRNAi was used from PDB: 1YFG for initial 
rigid-body fitting into its corresponding density in the py48S-open complex. Model building and 
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refinement were carried out using Coot and Refmac (334) (see Supplemental Experimental 
Procedures, Section 6.3). All figures were generated using PyMOL  (DeLano, 2006) or Chimera. 
 
2.4 RESULTS 
2.4.1 Formation and Overview of Structures 
Yeast py48S-closed was assembled as described previously (110) using an unstructured, 
uncapped mRNA with an AUG codon; 40S subunits from yeast Kluyveromyces lactis; and 
factors eIF1, eIF1A, eIF3, eIF5, and TC from S. cerevisiae. We used the U31:A39 variant of 
tRNAi that stabilizes the PIN state (203) to promote formation of the 48S in the PIN state, but 
wild-type eIF2 rather than the Sui3-2 variant of eIF2 (282) used previously (110). We similarly 
combined 40S with eIF1, eIF1A, eIF3, TC, and mRNA to generate the py48S-open complex. 
However, to shift the equilibrium from the PIN state, wild-type tRNAi was used, the AUG codon 
was replaced with near-cognate AUC, eIF5 was omitted as it shifts the equilibrium toward 
PIN state (211, 222), and recombinant eIF3 expressed in E. coli (and thus free of eIF5) was used 
instead of native eIF3 (see Supplemental Experimental Procedures, Section 6.3). 
The structures for py48S-closed and py48S-open were determined to overall resolutions 
of 4.9 Å and 6.0 Å, respectively (Figures 2.10.1, 6.1.1, and 6.1.2; Table 6.1.1; Movies 
S1 and S2). Like py48S (110) the local resolution and density is best for the core of 40S and 
ligands directly attached to it (Figure 6.1.3 and Table 6.1.1). Large data sets and extensive 3D 
classification were required to obtain PIC classes with eIF1, eIF1A, eIF3, TC (including eIF2β), 
and mRNA all bound (Figure 6.1.1; see Supplemental Experimental Procedures, Section 6.3). 
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These classes comprised 1.8% of the total for py48S-closed and 1.0% for py48S-open. The 
majority of particles were deficient in one or more factors as a result of the characteristic 
dissociation of factors on the EM grid (Figure 6.1.1; See Supplemental Experimental Procedures, 
Section 6.3). 
We observe density in both complexes for subunits of eIF3, as well as for eIF1, eIF1A, 
mRNA, and all three subunits of TC. Interestingly, density for components of eIF3 appears in the 
subunit-joining interface, where it interacts with other eIFs. In the solvent interface, the density 
for eIF3 density is weaker, especially for py48S-open (discussed later). We observe density for 
eIF2β in both complexes (Figures 2.10.1 and 6.1.2). The py48S-closed (4.9 Å) is globally similar 
to our previously reported py48S (4.0 Å) (110) (RMSD of 0.86 Å for 33,178 atoms of 18S) 
except for the additional densities for eIF2β and eIF3. The use of large data sets may have 
allowed us to isolate a class that includes eIF2β and eIF3, which would have been missed earlier 
in py48S. However, it is also possible that the use of WT eIF2 instead of Sui3-2 variant may 
have resulted in observation of these eIFs. 
The large data set and extensive classification also enabled us to determine structures of a 
40S•eIF1•eIF1A complex at 3.5 Å resolution (Figures 6.1.1 and 6.1.4 A) and a 
40S•eIF1•eIF1A•TC complex, representing a partial 43S PIC (py43S), at 15 Å resolution 
(Figures 6.1.1 and 6.1.4 B), which has a conformation similar to pm43S (109). 
 
2.4.2 Altered Conformation of the 40S Head in the Open Conformation of py48S 
Whereas the orientations of the 40S body are similar in both py48S-open and py48S-
closed, the two structures differ in the conformation of the 40S head (Figure 2.10.2; Movie S3). 
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While the orientation of the head in py48S-closed is similar to that in py48S reported earlier 
(110), in py48S-open, there is a remarkable upward movement of the head away from the body 
(Figures 2.10.2 A - B), in a different direction from that distinguishing the 40S•eIF1•eIF1A 
complex from empty 40S or py48S (Movie S4). This head movement from py48S-closed to 
py48S-open is accompanied by a 7–8 Å change in the pitch of h28 (Figures 2.10.2 C - D) and a 
repositioning of the β-hairpin of uS5 that contacts h28 (Figure 2.10.2 C). This helix constitutes 
the “neck” of the 40S that connects the head to the body, and is compressed in py48S-closed but 
relaxed in py48S-open. Interestingly, mutations in this region of h28 (A1151, A1152, and 
U1627; S. cerevisiae numbering throughout the manuscript) lead to a Gcd− phenotype, indicating 
less stable TC binding to the PIC (197). 
This conformation of the head in py48S-open throws open the mRNA channel latch and 
widens the channel, particularly at the entry channel side near the A site (Figure 2.10.2 B). Helix 
34 and associated elements move away from h18 to open the latch. The py48S-open structure 
reveals both the upward shift of the 40S head and open-latch conformation, thus providing 
insights into changes involved during key steps of initiation. 
The 40S head is also moved upward in py48S-open compared to pm43S (109) 
(Figure 6.1.4 C). In contrast, the head conformations of the pm43S and py48S-closed are more 
similar (Figure 6.1.4 D). Note that pm43S lacks mRNA, and densities for eIF1, eIF1A, and 
eIF2β were missing in the reconstruction. In py43S (which most closely mimics pm43S), the 
latch is again closed and the head orientation is almost identical to that of pm43S (Figure 6.1.4 
E). The positions of TC in pm43S and py43S are also similar (Figure 6.1.4 E); however, eIF1 
and eIF1A densities are clearly seen in our py43S map (Figure 6.1.4 B). Thus, the presence of 
TC with eIF3 in pm43S, or TC with eIF1 and eIF1A in py43S here, both lead to a similar 
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orientation of the head with a closed latch and may thus represent a state prior to the binding of 
mRNA. 
 
2.4.3 A Widened P Site and Altered Orientation of tRNAi in py48S-Open 
Interestingly, the P site in py48S-open is widened compared to that of py48S-closed 
(Figures 2.10.3 A - B), lacking interactions between tRNAi and the 40S body that occur in the 
closed complex (Figures 2.10.3 A - B). As a result of the altered head position in py48S-open, 
the tRNAi adopts a previously unobserved modified P/I orientation, which we call sP/I for 
“scanning P/I” conformation (Figure 6.1.5 A; Movie S3). Nevertheless, the tRNAi maintains the 
same contacts with the head in both complexes, which ensures that the conserved GC base pairs 
in the anticodon stem-loop (ASL) of tRNAi are recognized by rRNA residues G1575 and A1576 
in both py48S-closed and py48S-open (Figures 2.10.3 A - B). 
While the tip of the ASL of tRNAi is deep within the P site in both the open and closed 
complexes, it is displaced laterally from the body by ∼7 Å in the py48S-open (Figure 2.10.3 C), 
owing to both the widened P site and altered head orientation. Superimposing the head in the 
open and closed structures shows that the positions of the ASL relative to the head are very 
similar in both (Figures 2.10.3 D - E); the ASL essentially moves with the head during the open-
to-closed transition. In contrast, in pm43S (109), the tip of the ASL is not deep in the P site (110) 
and thus does not track with the head movement. 
Although the ASL tracks with the head as it moves from the open to closed conformation, 
the positions of the tRNAi acceptor arm in both structures are superimposable relative to the 
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body (Figure 2.10.3 C). As the ASL remains in contact with the head, it must bend in going from 
the open to closed state, which allows the tRNAi to maintain codon-anticodon interaction during 
the transition that would otherwise clash with the 40S body (Figure 6.1.5 B and Movie S3). The 
bent ASL in py48S-close is similar to that observed earlier in py48S (110) and pm48S (195), and 
allows base pairing with the codon in PIN state. 
 
2.4.4 Path of mRNA in the Two Structures 
In our previous py48S complex (110), mRNA was observed throughout the mRNA 
channel. In contrast, the py48S-closed here shows density for mRNA mainly in the exit channel 
(Figure 6.1.2 A). Strikingly, in py48S-open, the mRNA entry channel is widened, which, along 
with the open latch, produces a conformation that should allow single-stranded mRNA to be 
slotted directly into the mRNA-binding channel (Figures 2.10.2 A - B). We observe 
discontinuous densities for mRNA, mainly in the P and E sites of py48S-open, including density 
consistent with base pairing between the A and U of the AUC codon and the U and A of the 
anticodon (Figure 6.1.2 B, right). Incidentally, the mRNA also has another AUC codon, but 
because it is only 3 nt away from 5′ end, it appears not to be involved in recognition. The P-site 
codon has moved in concert with the ASL and 40S head such that base pairing is maintained in 
py48S-open, despite the tRNAi not yet having been fully accommodated in the eP/I′ 
configuration (Figures 2.10.3 E and 6.1.5 B). The minimal density for mRNA in py48S-open 
suggests that, probably as a result of the widened mRNA channel, the mRNA has minimal 
contact with the ribosome apart from base pairing with the anticodon, which should facilitate 
scanning. Upon AUG recognition, head repositioning stabilized by interaction of the N-terminal 
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tail (NTT) of eIF1A with the codon:anticodon duplex (discussed below), and latch closure, will 
narrow the entry channel to fix the mRNA and arrest scanning. 
 
2.4.5 Changes in eIF1and eIF1A between the Closed and Open States of py48S 
We observe eIF1and eIF1A clearly in both the open and closed PICs (Figures 
2.10.1, 6.1.2 A, and 6.1.2 B), but with marked changes in their conformations between the two 
states. The overall conformation of eIF1A is similar in the two complexes, but the NTT of eIF1A 
interacts with the anticodon-codon duplex only in py48S-closed, as in our previous py48S 
without eIF3 (110)—consistent with its role in promoting recognition of a cognate start codon 
(Figure 2.10.4 A). In contrast, the NTT is disordered in py48S-open (Figure 2.10.4 A), and in the 
40S•eIF1•eIF1A complex (Figure 6.1.4 A), as in all other reported PICs (110, 138, 195). There is 
no distinct density for the C-terminal tail (CTT) of eIF1A in any of the closed complexes as 
expected from previous hydroxyl radical cleavage studies that show that eIF1A-CTT interferes 
with the P-site tRNA (211, 220). The CTT of eIF1A is also not modeled in py48S-open because 
of lack of clear unambiguous density. 
The overall position of eIF1 in the two complexes is also similar (Figure 2.10.4 B), but β-
hairpins 1 and 2 of eIF1 are positioned differently. Their orientations in py48S-open resemble 
those observed in the 40S•eIF1•eIF1A complex, with no steric clash with tRNAi. In py48S-
closed, however, the two β-hairpins are displaced to avoid a clash with the now-accommodated 
tRNAi (Figure 2.10.4 B), as seen earlier in py48S (110). An interesting feature in py48S-open is 
the interaction of β-hairpin 1 with the AUC codon in the P site (Figure 2.10.3 E). As we observe 
a similar interaction with the AUG codon in py48S-closed (Figure 6.1.5 B), the conformation of 
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β-hairpin 1 changes between the two states to follow the tRNAi ASL and P-site codon as they are 
adjusted during the open-to-closed transition, preserving this interaction (Figure 2.10.4 B). 
 
2.4.6 eIF2β Links TC to the 40S Head and Body in the py48S-Open Complex 
We observe density for all three subunits of eIF2 in the PIC, including eIF2β (Figures 
6.1.2 A and 6.1.2 B). eIF2 is bound primarily to the 40S head in py48S-closed (Figure 2.10.1 A) 
and, as in py48S (110), eIF2α-D1 (domain 1) and the tRNAi ASL together attach TC to the head 
(Movie S3). During the transition from py48S-open to py48S-closed, eIF2α-D1 rotates slightly, 
thus avoiding a clash with the 40S body (Movie S3). This positions the loop containing Arg55 
and Arg57 to enable their interactions with mRNA nucleotides −2 to −3 in the E site (Figures 
6.1.6 A and 6.1.6 B), as observed in the py48S. Another consequence of this rotation is that 
eIF2α-D2 and the D-and T-arms of the tRNAi are positioned closer to the head in py48S-closed 
compared to py48S-open (Figures 2.10.3 A - B). Moreover, eIF2α-D2 moves in relation to 
eIF2α-D1 and interacts closely with the D- and T-loops of tRNAi (Figure 2.10.5 A; Movie S3). 
The third domain eIF2α-D3 moves with respect to the acceptor arm of the tRNAi (Figure 2.10.5 
A; Movie S5). 
We could model most of eIF2β in both complexes (Figures 2.10.1 and 6.1.2), except for 
the disordered N-terminal residues 1–125 and the last 20 C-terminal residues of the protein. As 
in previous archeal βγ complexes (292, 335), eIF2β is tightly attached to eIF2γ by its N-terminal 
helix α1 (Figures 6.1.2 A and 6.1.2B). Notably, in py48S-open, the helix-turn-helix (HTH) 
domain of eIF2β binds to eIF1 and eIF1A on the 40S body and to tRNAi bound to the 40S head, 
bridging the 40S head and 40S body, without direct interactions with the 40S itself 
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(Figure 2.10.5 B, upper). These interactions likely stabilize the open conformation during 
scanning in the absence of a complete codon-anticodon duplex. 
During rearrangement to the closed complex, the eIF2β HTH domain is positioned away 
from eIF1 and eIF1A (Figure 2.10.5 B, lower) and binds to elements of the 40S head. Because of 
its altered position, the HTH domain also makes contacts with the tRNAi that are distinct from 
those occurring in py48S-open (Figure 2.10.5 B, upper). The position of eIF2β in py48S-open 
would result in a clash with both eIF1 and eIF1A in py48S-closed due to inward movement of 
the 40S head and body (Figure 6.1.6 C). 
The zinc-binding domain (ZBD) of eIF2β is positioned close to the GTP binding pocket 
of eIF2γ in both complexes (Figure 2.10.5 C), similar to its position in some archaeal βγ 
complexes (335), although the ZBD itself was disordered in that structure. Because eIF1 is 
present in both complexes and eIF1 dissociation from the PIC is a prerequisite for Pi release from 
eIF2•GDP•Pi on AUG recognition (207), it remains unclear whether changes in the interaction of 
the eIF2β-ZBD with the eIF2γ GTPase center on eIF1 release are involved in Pi release. 
In our previously reported py48S structure (110), density for eIF2β was largely absent. 
This may be because we used the Sui3-2 variant of eIF2 harboring the S264Y substitution in 
eIF2β to stabilize the closed PIC conformation. Interestingly, S264Y maps to the interface 
between the eIF2β-ZBD and the eIF2γ GTPase center (Figure 2.10.5 C). As such, it might 
destabilize this interface and increase mobility of the eIF2β-ZBD, which could disrupt the 
interactions of eIF2β with eIF1 and eIF1A that are unique to py48S-open (Figure 2.10.5 B). This 
might explain how the Sui3-2 mutant stabilizes TC binding in the closed conformation (214). 
Sui3-2 may specifically destabilize the open conformation and shift the equilibrium toward the 
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closed conformation, thus accounting for its increased utilization of near-cognate start codons 
in vivo (282). 
Interestingly, a superposition of eIF2βγ using eIF2γ as a reference shows that the relative 
orientation of these two subunits is the same in both py48S-open and py48S-closed (Figure 6.1.6 
D). Hence, eIF2βγ, along with eIF2α-D3, alters its position relative to tRNAi and domains 1 and 
2 of eIF2α in a concerted manner between the two complexes (Figures 2.10.5 D and 6.1.6 
E; Movie S5). 
 
2.4.7 Initiation Accuracy In Vivo Is Reduced by Disrupting eIF2β Contacts with tRNAi or 
eIF1 that Occur Only in py48S-Open 
The fact that eIF2β makes interactions with the tRNAi ASL and eIF1 in py48S-open that 
are missing or altered in py48S-closed (Figure 2.10.6 A) suggests that these contacts specifically 
stabilize the open, scanning conformation of the PIC. If so, then substituting residues at these 
contacts should increase the frequency of initiation at UUG codons by facilitating rearrangement 
from the open to closed conformations in the absence of a perfect start codon:anticodon duplex 
in the P site. Supporting this prediction, substitutions of eIF2β Phe217/Gln221 and eIF1 Phe108, 
residues juxtaposed at the eIF2β/eIF1 interface in py48S-open (Figure 2.10.6 A), substantially 
increase the UUG:AUG expression ratio for matched HIS4-lacZ fusions differing only in the 
start codon (Figure 2.10.6 B). The eIF1-F108A/F108D substitutions also increase eIF1 
abundance (Figure 2.10.6 D), an established indicator of relaxed discrimination against the 
suboptimal context of the AUG start codon of the (SUI1) mRNA encoding eIF1 (212). Thus, 
eIF1-F108A/F108D facilitate initiation for both a near-cognate start codon and an AUG in poor 
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context. eIF2β substitutions S202A/K214A also increase UUG initiation (Figure 2.10.6 B) and, 
consistent with impaired eIF2β interaction with tRNAi, derepress expression of a GCN4-
lacZ reporter (Figure 2.10.6 C), an in vivo indicator of reduced TC assembly or binding to the 
scanning PIC (295). None of the eIF2β substitutions significantly affect eIF2β abundance 
(Figure 2.10.6 E) or its assembly with eIF2α/eIF2γ in the eIF2 complex (Figure 2.10.6 F). 
 
2.4.8 Placement of eIF3 subunits on both faces of the PIC 
We observe density for eIF3 in both py48S-open and py48S-closed (Figures 2.10.1 A - 
B). At this resolution, we can identify helices, place domains of known structure into the density, 
and make tentative assignments of previously unobserved segments of eIF3, based on secondary 
structure predictions (Figures 6.1.2 C, 6.1.2 D, and 6.1.2 E; Supplemental Experimental 
Procedures, Section 6.3). Because the densities attributable to eIF3 on the subunit interface are 
similar in both complexes, we describe the appearance of eIF3 only in the higher resolution 
py48S-closed (Figure 2.10.7). 
The two PCI domains of the eIF3a/eIF3c heterodimeric core bind near the left shoulder of 
the 40S solvent face (Figure 2.10.7 A; Movie S1), as in the yeast 40S•eIF1•eIF1A•eIF3 structure 
(114). However, in py48S-closed, the PCI domains are displaced laterally, which may reflect a 
conformational change in eIF3 during different steps of initiation (Figure 2.10.7 B). We modeled 
the eIF3b β-propeller domain with the help of the 40S•eIF1•eIF1A•eIF3 structure (Figures 2.10.7 
A, C) as we detect only a part of it in the density (Figures 2.10.1 A - B). In py48S-open, weak 
densities of the PCI domains and eIF3b β-propeller appear only in low-resolution filtered map 
contoured at lower threshold (not shown) and were not modeled. It is not clear whether the much 
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weaker density for these regions of eIF3 in py48S-open is due to the lower quality of the data 
(fewer particles and lower resolution) or inherently greater flexibility or lower occupancy of 
these domains in py48S-open. 
Remarkably, we see additional density for eIF3 in both complexes, at the subunit 
interface near h44, uS12, and eIF2γ (Figures 2.10.1 A - B). Based on its characteristic shape and 
dimensions, we assigned this density to the trimeric subcomplex composed of the β-propeller 
domain of eIF3i, ∼30 residues from the eIF3b C-terminal domain (CTD) and ∼50 residues from 
the N-terminal domain (NTD) of eIF3g (324) (Figure 6.1.2 D; Movie S1; See Supplemental 
Experimental Procedures, Section 6.3). eIF3i is positioned in the vicinity of eIF2γ, and the NTD 
of eIF3g may directly contact eIF2γ in the py48S complexes (Figures 2.10.7 C - D). eIF3i was 
earlier predicted to bind in two possible positions at the solvent-exposed surface of the 40S 
subunit, either above or below the β-propeller domain of eIF3b (324). Neither of these 
configurations is consistent with the density we observe, suggesting that eIF3 undergoes a 
significant rearrangement undetected by prior models, perhaps on binding mRNA. This position, 
in which eIF3i holds eIF3g against eIF2γ and by consequence promotes the intricate 
TC/eIF1A/eIF1 interaction network, might explain the suppression of eIF3i and eIF3g mutant 
phenotypes by overexpression of eIF1 or eIF1A and the formation of aberrant 43S complexes 
observed in the absence of these subunits (336, 337). This configuration also places eIF3i and 
eIF3g along the path of mRNA through the decoding center, consistent with the scanning defects 
observed for mutants of these subunits (336). 
We also observe density in both complexes for a cluster of five α helices in a pocket 
formed by h11, h24, h27, h44, and uS15 that has been putatively assigned to a predicted helix-
rich segment in the eIF3c-NTD (Figure 2.10.7 D; See Supplemental Experimental Procedures, 
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Section 6.3), which we connect to the eIF3c PCI domain by a ∼30-residue flexible linker. The 
remaining N-terminal residues of eIF3c likely emanate from the five-helix cluster and mediate 
the known interaction of eIF3c-NTD with eIF1 (139, 205), which appears to enhance the stability 
of eIF1 within the PIC (146, 257). We therefore tentatively assigned the globular density in 
contact with eIF1 as the N-terminal region of the eIF3c-NTD (1–90 residues), with a single α-
helix near h24 modeled in the density (Figure 2.10.7 D; see Supplemental Experimental 
Procedures, Section 6.3). This moiety approaches the surface of eIF1 identified as an eIF3c-
binding surface (338). 
Closer to the subunit interface, we detect density in both complexes for an extended 
helical region spanning h14, h44, and h27 (Figures 2.10.1, 6.1.2 E, and 6.1.7 D). These helices 
have been provisionally assigned to a region in the CTD of eIF3a (See Supplemental 
Experimental Procedures, Section 6.3) predicted to have long helices (339), and they bridge the 
β-propeller domain of eIF3i and the putative eIF3c-NTD moiety near eIF1. This assignment 
places the extreme C-terminal ∼100 residues of eIF3a not modeled here in the vicinity of the TC, 
consistent with a known eIF3a-CTD interaction with eIF2 (145). We suggest that the unassigned 
central portion of eIF3a projects away from the eIF3a PCI domain near the exit channel on the 
40S solvent face subunit and passes through the mRNA entry channel and across the intersubunit 
face, connecting with the extended helices assigned to the eIF3a-CTD (Figures 2.10.7 A and C). 
As these extended helices approach the eIF3c-NTD (Figure 2.10.7 D), it appears that eIF3a and 
eIF3c together encircle the PIC. This proposal is consistent with previous observations that 
regions of the eIF3a CTD interact with 40S components at the mRNA entry channel (189, 260) 
as well as structural models for the yeast 40S•eIF1•eIF3 complex (324) and the pm43S (109), 
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and chemical and enzymatic footprinting data (261), all of which place eIF3 components at both 
the exit and entry channels on the solvent side of the 40S subunit. 
 
2.5 DISCUSSION 
Our py48S-open and py48S-closed structures contain density for eIF1, eIF1A, all three 
subunits of eIF2 bound to Met-tRNAi, mRNA, and various components of eIF3. Although both 
structures are at lower resolution than the previously reported py48S (110), this is likely to be the 
result of the small fraction of the particles in these classes. Despite this, the presence of 
additional factors here results in an overall stabilization and better local resolution for eIF1, 
eIF2α, eIF2γ, and tRNAi in py48S-closed (Table 6.1.1). 
We observe eIF2β in py48S-open complex, where it connects eIF1 and eIF1A on the 
body with tRNAi on the 40S head. These bridging interactions should stabilize both TC and eIF1 
binding in the scanning PIC prior to achieving a perfect AUG:anticodon duplex in the P site. 
Being unique to py48S-open, the eIF2β contacts with eIF1 and tRNAi should specifically 
stabilize the scanning complex. Consistent with this prediction, substitutions at both interfaces 
decreased the probability of continued scanning at near-cognate UUG start codons in yeast 
cells—presumably enabling rearrangement to the closed complex without a perfect start 
codon:anticodon duplex in the P site—thus establishing that eIF2β/eIF1 and 
eIF2β/tRNAi contacts in py48S-open promote initiation accuracy in vivo. The network of eIF2β 
interactions with eIF1/eIF1A/tRNAi should also impede mRNA insertion into the mRNA 
channel at the P site: eIF2β is likely repositioned to allow mRNA recruitment. Modeling either 
the conformation of eIF2β in py48S-closed, where it no longer contacts eIF1 and eIF1A 
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(Figure 6.1.7 A), or the distinct conformations observed in archaeal βγ complexes (286, 335) 
(Figure 6.1.6 D), into py48S-open reveals unfettered access to the mRNA channel, supporting 
the notion that transient repositioning of eIF2β would allow mRNA recruitment and that eIF2β 
serves as a barrier to mRNA release during scanning. 
These structures show how eIF3 can interact with TC and eIF1 close to the P site at the 
inter-subunit interface even while the majority of its contacts map to the remaining solvent-
exposed surfaces of the 40S subunit. Based on our modeling, eIF3 appears to connect the entry 
and exit channels on the solvent face of the 40S subunit to the center of action at the P site. None 
of the core subunits of eIF3 has previously been observed at the subunit interface, except for 
eIF3j (114, 324), which was excluded from our study. We note however that our complexes 
contain mRNA, whereas all previous PICs with eIF3 lacked mRNA (109, 114, 324). It is likely 
that the position of eIF3i observed earlier (114, 324) may represent its position prior to mRNA 
binding and that the presence of mRNA in our complexes may have led to the previously 
unobserved conformation of eIF3 at the inter-subunit interface. Interestingly, the positioning of 
the eIF3b-CTD/eIF3i/eIF3g-NTD module observed here, in proximity to eIF2γ, might hinder the 
insertion of mRNA into the mRNA-binding channel of the ribosome, making it likely that this 
conformation exists only after mRNA loading and suggesting that it might lock mRNA into the 
scanning complex. We propose that eIF3 undergoes a substantial conformational change upon 
mRNA binding, relocating both the eIF3b-CTD/eIF3i/eIF3g-NTD module and portions of eIF3a 
and eIF3c to enable their interactions with eIF2 and eIF1 in the decoding center and thereby 
facilitate key steps in scanning and start codon recognition. This rearrangement may signal the 
presence of mRNA within the PIC to other eIFs, notably eIF2. 
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Integrating the complete array of structures described in this report allows us to propose a 
detailed scheme for assembly of the 43S PIC, mRNA recruitment to this complex, and 
subsequent steps of scanning and start codon recognition in the 48S PIC. In the empty 40S 
subunit, the position of the head with respect to the body ensures that the latch is closed (127). 
Binding of eIF1 and eIF1A to assemble the 40S•eIF1•eIF1A complex (Figure 6.1.4 A) leads to 
an 8° rotation of the head compared to the empty 40S subunit in 80S ribosomes (92) that likely 
facilitates binding of TC in the POUT state to form the 43S PIC (Figures 6.1.4 B and 6.1.7 B). 
Notably, the latch remains closed in both the 40S•eIF1•eIF1A and py43S complexes observed 
here. The 40S head is further rotated 5°–6° in the structures of py43S (without eIF3) or pm43S 
(without eIF1/eIF1A) (109) relative to 40S•eIF1•eIF1A (Figure 6.1.7 B), which may facilitate 
mRNA recruitment. 
The py48S-open and py48S-closed structures (Figures 2.10.1 A - B) illuminate a series of 
rearrangements that enable the PIC to first bind and scan the mRNA and then halt upon 
recognition of the start codon. In py48S-open, the presence of eIF1, eIF1A, TC, and eIF3 
provokes an upward movement of the head away from the body, opening the latch and widening 
the mRNA channel between the body and head, and opening the P site, which leads to 
diminished contacts with tRNAi relative to the closed state (Figure 6.1.7 B). We propose that this 
open conformation enables lateral insertion of the 5′ end of the mRNA—facilitated by the eIF4F 
complex bound at the cap—onto the 40S subunit (not shown). Once loaded onto the mRNA, 
py48S-open would be poised for scanning: the mRNA is held loosely in the channel; tRNAi is 
not fully engaged with the P site; the eIF1A-NTT is disordered. eIF2β interacts with tRNAi, 
eIF1, and eIF1A to both stabilize TC binding and help hold the mRNA in the channel to promote 
processive scanning. The relocation of the eIF3b-CTD/eIF3i/eIF3g-NTD module near h44 on the 
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intersubunit face, where it interacts with eIF2γ, would promote the same ends. As the open 
complex scans the mRNA, eIF5-mediated GTP hydrolysis by eIF2 occurs, but Pi release is 
blocked by the presence of eIF1, itself stabilized in the complex by its interaction with the NTD 
of eIF3c. 
In py48S-closed, recognition of the start codon results in downward movement of the 
head, driven by a change in the pitch of h28 and changes in the orientation of eIF2β, closing the 
latch and fixing the mRNA in the channel to arrest scanning. Head closure also brings P-site 
elements in the 40S body into contact with the ASL, locking Met-tRNAi into the P site. Both this 
constriction of the entry channel and the enclosure of the P site around tRNAi (Figure 6.1.7 B) 
are supported by recent hydroxyl radical probing of yeast 48S complexes reconstituted with 
AUG versus AUC start codons (199). These and other rearrangements stabilize the PIN state of 
the closed complex (Figure 6.1.7 B): interactions between eIF2β and the tRNAi are remodeled; 
eIF2β exchanges its contacts with eIF1 and eIF1A for those with the 40S head; the eIF1A-NTT 
interacts with the AUG:anticodon duplex. Other rearrangements deform eIF1; different portions 
of tRNAi are brought into contact with eIF1, adjusting its position and promoting its eviction 
from the 40S subunit, which provokes Pi release and commits the complex to subunit joining. 
Pi release may also trigger detachment of eIF3b-CTD/eIF3i/eIF3g-NTD from the subunit 
interface, paving the way for release of eIF2, binding of eIF5B, and joining of the 60S subunit. 
Conformational changes within the TC in py48S-closed also bring the eIF2α-D1 loop in contact 
with the key −3 nt upstream of the start codon to regulate AUG selection (110). 
In summary, the py48S-open and py48S-closed structures described here address long-
standing questions about various aspects of initiation. Comparison of these structures reveal how 
the PIC in the open state may facilitate both loading of the mRNA and subsequent scanning, all 
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while holding both TC and mRNA in place for processive inspection of codons within the P site. 
Upon recognition of the start codon, the PIC closes, both locking mRNA and tRNAi within the P 
site and preparing eIF1 for its departure from the complex. Our structures also reveal how eIF3, 
bound at the 40S solvent face, may encircle the PIC, linking the mRNA entry and exit channels 
with the locus of action near the P site. 
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Figure 2.10.1. Cryo-EM Maps of Eukaryotic 48S PICs 
(A) Two views of py48S-closed. 
(B) Two views of py48S-open. Density for eIF3 is Gaussian-filtered. Unassigned density is in 
dark gray. 




























Figure 2.10.2. Distinct Position of the 40S Head Widens the mRNA Entry Channel and 
Opens the Latch in the Open Complex 
(A) Front view of superposition of py48S-open (yellow) and py48S-closed (cyan), showing 
mRNA (pink) from py48S (Hussain et al., 2014) to highlight the complete mRNA channel. 
(B) Superposition of refined models of py48S-open (yellow) and py48S-closed (cyan), indicating 
elements forming the latch. 
(C) h28 in py48S-open (yellow) and py48S-closed (cyan) based on superposition of the two 
complexes, viewed from the A site. tRNAi and uS5 for the two complexes are also shown. 
(D) h28 in empty 40S (red, PDB:3U5B), 40S•eIF1•eIF1A (green), py48S-open (yellow), and 
py48S-closed (cyan) complexes. Equivalent atoms in h28 are shown as spheres. 
























Figure 2.10.3. tRNAi Is Not Engaged with P-Site Elements of the 40S Body in the Open 
Complex 
(A) tRNAi in py48S-open, viewed from E site. The body and head of 40S are shown in lighter 
and darker shades of yellow. The zoomed view shows mRNA at the P site and recognition of 
conserved GC base pairs in ASL by rRNA bases. For clarity, 40S proteins and other factors are 
not shown. 
(B) The tRNAi in py48S-closed viewed as in (A). 
(C) Superposition of the 40S body reveals distinct locations of tRNAi in the P site of py48S-open 
(green) and py48S-closed (gray). The body and head of py48S-open complex are shown. The 
two ASLs are separated by about 7 Å in the P site. 
(D) Superposition of the 40S head of py48S-open (green) and py48S-closed (gray). 
(E) Superposition of two complexes as in (D), viewed from the A site. The mRNA of py48S-
closed is in gray. Inset shows the superposition of the two positions of tRNAi and interacting 
mRNA codon. 












Figure 2.10.4. Contacts of eIF1A-NTT and eIF1 with tRNAi Restricted to the Closed 
Complex 
(A) Superposition of the open and closed complexes with the ligands of py48S-closed shown in 
color while those of py48S-open are in gray. Only the 40S of py48S-closed is shown (yellow). 
The zoomed view shows the NTT of eIF1A in the two complexes. 
























Figure 2.10.5. Distinctive Interactions of eIF2 with eIF1, eIF1A, and tRNAi Occlude the 
mRNA Channel in py48S-Open 
(A) Conformational changes in eIF2 based on superposition of the TC coordinates using tRNAi 
as the reference. The eIF2 and tRNAi of py48S-open are shown in color and those of py48S-
closed are in gray. 
(B) Position of eIF2 with respect to tRNAi, eIF1, eIF1A, and 40S head in py48S-open and 
py48S-closed. 
(C) Similar position for the ZBD of eIF2 in both complexes with respect to eIF2. The eIF2, 
eIF2 and tRNAi of py48S-open are shown in color while those of py48S-closed are in gray. 
Ser264 is shown as sticks near conserved cysteines. 
(D) Cartoon and surface representations of the superimposition of TC coordinates in py48S-open 
(color) and closed (gray) complexes based on tRNAi as reference. It shows the internal 
conformational change within TC during transition from the open to the closed conformation. 
While D2 and the helix connecting the D1 and the D2 domains of eIF2 experience an internal 
rearrangement, eIF2-D3, eIF2 and eIF2 rotate together around the acceptor arm of the tRNA. 












Figure 2.10.6. Genetic Evidence that eIF2 Interactions with the tRNAi ASL and eIF1 
Preferentially Stabilize py48S-Open to Impede Initiation at Near-Cognate UUG Codons In 
Vivo 
(A) Positions of eIF1, eIF2, and tRNAi in the py48S-open and py48S-closed, with residues 
substituted in genetic studies shown as spheres. 
(B) Expression of HIS4-lacZ reporters with AUG or UUG start codons in strains of the indicated 
SUI3 or SUI1 genotypes, expressed as mean (± SEM) ratios of UUG- to AUG-reporter 
expression with fold-changes relative to WT in parentheses. 
(C) Expression of the GCN4-lacZ reporter expressed as mean (± SEM) units of -galactosidase. 
(D and E) Western analysis of eIF1 (D) or eIF2 (E) proteins in whole-cell extracts (WCEs), 
with eIF3j or eIF2B analyzed as loading controls, reported as mean (± SEM) eIF1:eIF3j ratios 
or eIF2:eIF2B ratios, normalized to the WT ratios, determined from biological replicates. 
Lanes have been cropped from the same gels. 
(F) WCEs were immunoprecipitated with FLAG affinity resin and immune complexes subjected 
to Western analysis to detect Flag-eIF2 and co-immunoprecipitated eIF2, eIF2 and eIF2B, 
resolving 1x, 2x, or 3x amounts in successive lanes. In, 20% input WCEs. Western signals were 
quantified to yield mean (± SEM) recoveries of eIF2, eIF2, or eIF2B normalized to Flag-







Figure 2.10.7. Structural Arrangement of eIF3 Components in 48S PICs 
(A) Locations of the eIF3a/eIF3c PCI domains and -propeller of eIF3b at different positions on 
the solvent-exposed surface of the 40S, highlighting rRNA helices and ribosomal proteins 
(green) predicted to bind to eIF3a. The proposed path of the unassigned central portion of the 
eIF3a-CTD connecting the PCI domain to the subunit interface is shown as a dashed purple line. 
(B) Lateral displacement of eIF3a/eIF3c PCI domains in py48S-closed versus their positions in 
yeast 40S•eIF1•eIF1A•eIF3 (PDB: 4UER). 
(C) Trimeric eIF3b-CTD/eIF3i/eIF3g-NTD subcomplex is shown near h44 and interacting with 
eIF2 and the 40S interface surface. The -propeller of eIF3b is also shown. Two alternative 
proposed paths of the eIF3a-CTD connecting the PCI domain to the bundle of helices below the 
eIF3i -propeller are shown as dashed purple lines. 
(D) A cluster of helices tentatively assigned to eIF3c is located near h11 and uS15 (green). A 
globular density with a single modeled helix is tentatively assigned to the eIF3c-NTD in 
proximity to eIF1 and h24. The proposed path of a linker connecting the cluster of helices to the 
eIF3c PCI domain is shown as a dashed magenta line. Long helices tentatively assigned to eIF3a 














3. A Network of eIF2 Interactions with eIF1 and 
Met-tRNAi Promotes Accurate Start Codon Selection 
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3.1 ABSTRACT 
In translation initiation, a 43S preinitiation complex (PIC) containing eIF1 and a ternary 
complex (TC) of GTP-bound eIF2 and Met-RNAi scans the mRNA for the start codon. 
AUG recognition triggers eIF1 release and rearrangement from an open PIC conformation 
to a closed state with more tightly-bound Met-tRNAi (PIN state). Cryo-EM models reveal 
eIF2β contacts with eIF1 and Met-tRNAi exclusive to the open complex that should 
destabilize the closed state. eIF2β or eIF1 substitutions disrupting these contacts increase 
initiation at UUG codons, and compound substitutions also derepress translation of GCN4, 
indicating slower TC recruitment. The latter substitutions slow TC loading while 
stabilizing TC binding at UUG codons in reconstituted PICs, indicating a destabilized open 
complex and shift to the closed/PIN state. An eIF1 substitution that should strengthen the 
eIF2β:eIF1 interface has the opposite genetic and biochemical phenotypes. eIF2β is also 
predicted to restrict Met-tRNAi movement into the closed/PIN state, and substitutions that 
should diminish this clash increase UUG initiation in vivo and stabilize Met-tRNAi binding 
at UUG codons in vitro with little effect on TC loading. Thus, eIF2β anchors eIF1 and TC 
to the open complex, enhancing PIC assembly and scanning, while impeding 




  The process of translation initiation selects the start codon for protein synthesis, 
determining the reading frame for elongation and N-terminus of the polypeptide, and also 
influencing the rate at which the protein is synthesized. Accordingly, accurate 
identification of the translation start codon is critical to ensure the synthesis of the correct 
cellular proteins in the proper amounts. In eukaryotes, translation initiation occurs via a 
scanning mechanism, wherein the small (40S) subunit of the ribosome recruits methionyl 
initiator tRNA (Met-tRNAi) in a ternary complex (TC) with GTP-bound eukaryotic 
initiation factor 2 (eIF2), in a reaction stimulated by factors eIF1, eIF1A, and eIF3. The 
resulting 43S preinitiation complex (PIC) attaches to the 5’ end of mRNA and scans the 
mRNA leader for an AUG start codon. The nucleotide sequence immediately surrounding 
the start codon—the AUG context—particularly at the -3 and +4 positions (numbered from 
the A of AUG (+1)) also influences the efficiency of start codon selection. In the scanning 
PIC, eIF1 and eIF1A promote an open, scanning-conducive conformation of the 40S 
subunit with TC bound in a relatively unstable conformation, “POUT”, which facilitates the 
inspection of successive triplets in the peptidyl (P) decoding site for complementarity with 
the anticodon of Met-tRNAi. The GTP bound to eIF2 can be hydrolyzed, stimulated by 
GTPase activating protein eIF5, but eIF1 blocks release of inorganic phosphate (Pi) at non-
AUG codons. Start codon recognition triggers dissociation of eIF1 from the 40S subunit, 
enabling both Pi release from eIF2-GDP·Pi and more stable TC binding to the PIC, with 
Met-tRNAi more fully accommodated in the “PIN” state. Subsequent dissociation of eIF2-
GDP and other eIFs from the 48S PIC enables eIF5B-catalyzed subunit joining and 
formation of an 80S initiation complex ready to commence protein synthesis (12).   
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 eIF1 plays a dual role in translation initiation. It promotes the open conformation 
of the PIC, to which TC rapidly loads in the POUT conformation, and it ensures initiation 
fidelity by blocking Pi release and impeding isomerization to the closed/PIN state at non-
AUG codons or start codons in poor context (Fig. 3.10.1 A). Structural analyses of the PIC 
reveal that eIF1 and eIF1A promote rotation of the 40S head relative to the body, which 
likely enhances TC binding, while eIF1 clashes with Met-tRNAi in the PIN state. Hence, 
eIF1 dissociation from the 40S subunit is required for start codon recognition, and 
mutations that weaken eIF1 binding to 40S subunits confer dual defects in vivo: (i) they 
reduce the rate of TC loading, since eIF1 promotes TC binding to the open conformation 
of the PIC; and (ii) they increase initiation at near cognate codons or AUG codons in poor 
context, by destabilizing the open/POUT state and favoring rearrangement to the closed/PIN 
state (12, 340). A reduced rate of TC loading resulting from such eIF1 mutations confers 
derepressed translation of GCN4 mRNA in vivo (the Gcd- phenotype), as slower TC 
binding to PICs scanning the GCN4 mRNA leader allows inhibitory upstream open reading 
frames (uORFs) to be bypassed in favor of reinitiation further downstream at the GCN4 
coding sequence (295). Increased initiation at near-cognate codons in such eIF1 mutants 
also restores translation of his4-303 mRNA, lacking the AUG start codon, by elevating 
initiation at an in-frame UUG triplet at the third codon (the Sui- phenotype) (341) (Fig. 
3.10.1 B). The AUG codon of the eIF1 gene itself (SUI1 in yeast) occurs in suboptimal 
context and the frequency of its recognition is inversely related to eIF1 abundance, 
establishing a negative feedback loop that maintains proper eIF1 levels (212, 215). 
Whereas overexpressing WT eIF1 suppresses initiation at its own suboptimal AUG codon, 
eIF1 mutants defective for 40S binding relax discrimination against poor context and 
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increase the translational efficiency of SUI1 mRNA, elevating expression of such eIF1 
variants. These effects have been attributed to the altered rates of eIF1 dissociation from 
the scanning PIC, impeding or enhancing, respectively, inappropriate isomerization to the 
closed state at non-AUG codons or at AUG codons in poor context (214, 342).  
 
 Many mechanistic aspects of the translation initiation process remain unclear, 
including the exact molecular mechanism by which recognition of a start codon triggers 
isomerization of the PIC from the open/POUT state to the closed/PIN state and the cessation 
of scanning. Cryo-electron microscopy (cryo-EM) structures of two distinct py48S 
complexes, both containing eIF1, eIF1A, mRNA and TC, but appearing to represent 
distinct intermediates in scanning and start codon recognition (py48S-open and py48S-
closed), shed light on this process (111). The py48S-open complex exhibits an upward 
movement of the 40S head from the body that widens both the mRNA binding cleft and 
the P site, eliminating certain 40S contacts with the mRNA and Met-tRNAi that occur only 
in py48S-closed. Conversely, the closed structure shows a constricted mRNA channel and 
narrowed P site that encloses Met-tRNAi. Comparing these two structures enables 
predictions about the factors and specific residues preferentially stabilizing either the open 
or the closed state of the PIC. Further, these structures show clear density for the globular 
portion of the β-subunit of eIF2, unresolved in previous PIC structures, allowing 




Evidence from the cryo-EM structures indicates that the helix-turn-helix (HTH) 
domain of eIF2 forms contacts with eIF1 that are specific to the open conformation of the 
PIC, as the HTH domain moves away from eIF1 during rearrangement to the closed 
complex (111) (Fig. 3.10.2 A). We reasoned that substitutions in the eIF2 HTH domain 
that perturb these contacts would promote premature eIF1 release, and thereby increase the 
likelihood of isomerization to the closed state at UUG codons or AUG codons in 
suboptimal context, conferring the Sui- phenotype and increasing eIF1 expression from 
SUI1 mRNA containing native, poor context. The loss of contacts between eIF1 and eIF2 
specific to the open state is also expected to reduce eIF1 occupancy of the open PIC and 
reduce the rate of TC loading to confer the Gcd- phenotype. This is the same collection of 
phenotypes noted above for eIF1 mutations that weaken its 40S binding. 
 
The HTH domain of eIF2 also forms distinct contacts with the Met-tRNAi in the 
py48S-open and py48S-closed structures. Downward movement of the 40S head towards 
the body in the open-to-closed transition is associated with movement of the eIF2-HTH 
away from the anticodon stem-loop (ASL) of Met-tRNAi (111) (Fig. 7.2.1 A-B). We 
hypothesized that eIF2-HTH: Met-tRNAi-ASL interactions specific to the open state help 
to stabilize the Met-tRNAi in the open conformation in the absence of a perfect codon-
anticodon duplex and other canonical P site tRNA contacts restricted to the closed 
complex. They might also enhance the rate of TC loading to the open conformation. If so, 
then eIF2 substitutions that perturb these eIF2:Met-tRNAi contacts should destabilize 
the open PIC conformation and confer the dual Sui- and Gcd- phenotypes predicted above 
for disruptions at the eIF1:eIF2β interface. 
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In addition to contacting the Met-tRNAi-ASL in the open conformation, the eIF2-
HTH is predicted to clash with the D-loop of Met-tRNAi bound in the PIN state when eIF2 
is bound in the open conformation, as revealed by an overlay of the py48S-open and py48S-
closed structures (Fig. 7.2.1 C). This clash would occur as a result of Met-tRNAi movement 
relative to eIF2 in the downward movement of the 40S head toward the body during 
isomerization to the closed state and is avoided by displacement of eIF2 in py48S-closed 
relative to py48S-open (111). This structural evidence suggests that eIF2 might act to 
sterically oppose transition of the PIC to the closed state before an appropriate start codon 
is recognized by impeding accommodation of Met-tRNAi in the PIN state. Hence, we 
predicted that substitutions in the eIF2 HTH domain that diminish the predicted clash 
would favor isomerization to the closed state and increase its likelihood at non-AUG or 
suboptimal AUG codons. However, these substitutions are not predicted to destabilize the 
open complex, and should therefore have a minimal effect on the rate of TC loading. As 
such, they should confer Sui- but not Gcd- phenotypes. This phenotypic signature is rare 
among known Sui- mutations, most of which act through destabilization of the open PIC, 
but it has been observed in Sui- substitutions of eIF1 Loop 2, which act by a similar 
mechanism to alleviate the clash between eIF1 in the open conformation and Met-tRNAi 
in the closed/PIN state (200). 
 
In an effort to support the physiological relevance of the py48S-open and py48S-
closed structures reported by Llacer et al., we previously generated mutations in eIF2 and 
eIF1 at the eIF1:eIF2 interface and found that they reduced stringent selection of AUG 
start codons in the manner expected from a role for this interface in promoting the open 
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conformation of the PIC (111). Here, we expanded on these genetic findings with analysis 
of additional substitutions perturbing the eIF1:eIF2 interface in the open complex, and 
observed opposing effects on initiation fidelity for substitutions that either weaken this 
mutual interface (promoting eIF1 release and reducing the stringency of start codon 
selection) or strengthen it (stabilizing eIF1 binding and increasing the requirement for an 
AUG start codon in preferred context). We further demonstrated that eIF1:eIF2β 
interactions promote recognition of optimal Kozak context in addition to stringent AUG 
selection, as well as the rapid recruitment of TC to the open complex in vivo. Importantly, 
we recapitulated the effects of exemplar substitutions that weaken eIF1:eIF2β interactions 
in reducing TC loading and increasing near-cognate start codon selection in a fully purified 
translation initiation system. A similar in vitro reconstitution was achieved for substitutions 
at the eIF2β:Met-tRNAi interface found exclusively in the open conformation that both 
impair TC loading and stringent AUG selection in vivo. Finally, we provide genetic and 
biochemical evidence that a predicted clash between eIF2 in the open complex with Met-
tRNAi in the closed state helps to restrict transition to the closed conformation to AUG 
start codons, without perturbing the open conformation of the PIC. Together, these findings 
firmly establish three critical roles for eIF2 in accurate start codon recognition: (i) eIF2 
is involved in anchoring eIF1 specifically to the open PIC, promoting rapid TC loading and 
helping to prevent premature release of eIF1 at non-AUG codons; (ii) eIF2 stabilizes 
binding of Met-tRNAi specifically to the open conformation of the PIC, when many 
contacts between Met-tRNAi and the 40S subunit are not yet formed; and (iii) eIF2 
functions similarly to eIF1 by impeding rearrangement of Met-tRNAi to the PIN state via a 
steric clash with Met-tRNAi D-loop, thus helping to limit this transition to AUG start 
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codons in vivo. Hence, eIF2 emerges as a key component of the complex network of 
physical interactions within the PIC that promote ribosomal scanning and restrict initiation 
to AUG codons in optimum context. 
 
3.3 MATERIALS AND METHODS 
3.3.1 Plasmid and yeast strain constructions 
Yeast strains used in this study are listed in supplementary Table 7.1.2. Strains 
ATY100 and ATY122 to ATY128 harboring mutant SUI1 alleles on single copy (sc) LEU2 
plasmids were derived from strain JCY03 (MATa ura3-52 leu2-3, leu2-112 trp1-63 his4-
301(ACG) sui1hisG p1200 (sc URA3 SUI1) by plasmid shuffling, using growth on 5-
fluoorotic acid (5-FOA) medium to select for loss of URA3 plasmid p1200 containing WT 
SUI1 (plasmid-shuffling). The QuikChange site-directed mutagenesis system (Stratagene) 
was employed with the primers indicated in supplemental Table 7.1.3 to generate all mutant 
SUI1 plasmids listed in supplemental Table 7.1.1, using as templates plasmids pJCB101 
for yeast plasmids, or pTYB2-eIF1 for plasmids used to express recombinant eIF1 proteins 
in bacteria for purification. The high-copy (hc) plasmid p4385 (hc TC, TRP1) was 
generated from p1780-IMT (hc TC, URA3) by the “marker swap” approach using the 
URA3-to-TRP1 converter plasmid pUT11 (343). 
 
To generate strains LMY103-LMY117, LMY130-LMY134, and LMY142, 
expressing eIF2β variants, strain KAY18 was transformed to Leu+ with low-copy (lc) 
LEU2 plasmids harboring WT or mutant SUI3 alleles constructed from plasmid p920 
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(Table 7.1.1) using the appropriate primers (Table 7.1.3) and the QuikChange site-directed 
mutagenesis system (Stratagene) according to the manufacturer’s directions. The 
S202A/K214A double substitution was made sequentially by introducing the S202A 
mutation into a plasmid containing K214A in a second round of site-directed mutagenesis. 
The resident WT SUI3, URA3 plasmid p921 was evicted by counter-selection on 5-FOA 
medium. Strains LMY128, LMY129, and LMY137, used for purification of eIF2 variants 
containing eIF2β-S202A/K214A, -F217A/Q221A, or -E189R, respectively, were 
constructed from H3840 by plasmid shuffling to replace pAV1089 (containing URA3 and 
WT SUI3) with high-copy LEU2 plasmids containing the appropriate SUI3 alleles derived 
from pAV1726 by site-directed mutagenesis, as described above (Table 7.1.1). 
 
3.3.2 Biochemical assays using yeast cell extracts 
Assays of -galactosidase activity in whole cell extracts (WCEs) were performed 
as described previously (344). For Western analysis, WCEs were prepared by 
trichloroacetic acid extraction as previously described (345) and immunoblot analysis was 
conducted as previously described (210) using antibodies against eIF1/Sui1 (346) and Hcr1 
(346). Enhanced chemiluminiscence (Amersham) was used to visualize immune 




3.3.3 Biochemical analysis in the reconstituted yeast system 
WT eIF1 and eIF1 variants Q31E, F108D, F108R, Q31AF108A, and K60E were expressed 
in bacterial strain BL21(DE3) Codon Plus cells (Agilent Technologies) and purified using 
the IMPACT system (New England Biolabs) as described previously (347). His6-tagged 
WT eIF2 and eIF2 variants were overexpressed in yeast and purified as described (347). 
40S subunits were purified as described previously from strain YAS2488 (347). Model 
mRNAs with sequences 5′-GGAA[UC]7UAUG[CU]10C-3′ and 5′-
GGAA[UC]7UUUG[CU]10C-3′were purchased from Thermo Scientific. Yeast tRNAiMet 
was synthesized from a hammerhead fusion template using T7 RNA polymerase, charged 
with [35S]-methionine, and used to prepare radiolabeled eIF2·GDPNP·[35S]-Met-tRNAi 
ternary complexes ([35S]-TC), all as previously described (347). Charged, unlabeled yeast 
Met-tRNAiMet was purchased from tRNA Probes, LLC. For eIF1 binding competition 
experiments, WT eIF1 protein was labeled at its C-terminus with Cys-Lys--fluorescein 
dipeptide, using the Expressed Protein Ligation system, as previously described (131). 
TC dissociation rate constants (koff) were measured by monitoring the amount of 
[35S]-TC that remains bound to 40S·eIF1·eIF1A·mRNA (43S·mRNA) complexes over 
time, in the presence of excess unlabeled TC (chase), using a native gel shift assay to 
separate 40S-bound from unbound [35S]-TC. 43S·mRNA complexes were preassembled 
for 2h at 26°C in reactions containing 40S subunits (20 nM), eIF1A (1 µM), eIF1 (WT or 
mutant variants, 1 µM), eIF5-G31R (1 µM) (where indicated), mRNA (10 µM), and [35S]-
TC (pre-assembled from 0.25 µM eIF2 (WT or mutant variants), 0.1 mM GDPNP, and 1 
nM [35S]-Met-tRNAi) in 60 µL of reaction buffer (30 mM Hepes-KOH (pH 7.4), 100 mM 
potassium acetate (pH 7.4), 3 mM magnesium acetate, and 2 mM dithiothreitol). To initiate 
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each dissociation reaction, a 6 µL-aliquot of the preassembled 43S·mRNA complexes was 
mixed with 3 µL of 3-fold concentrated unlabeled TC chase (comprised of 2 µM WT eIF2, 
0.3 mM GDPNP, and 0.9 µM Met-tRNAi), representing a 300-fold excess over labeled TC 
in the final dissociation reaction, and incubated for the prescribed period of time. A 
converging time course was employed so that all dissociation reactions were terminated 
simultaneously by the addition of native-gel dye and loaded directly on a running native 
gel. The fraction of [35S]-Met-tRNAi remaining in 43S complexes at each time point was 
determined by quantifying the 40S-bound and unbound signals by Phosphor Imaging, 
normalized to the ratio observed at the earliest time-point; and the data were fit with a 
single exponential equation (193). 
TC association rates were measured by mixing [35S]-TC with 
40S·eIF1·eIF1A·mRNA complexes and quenching the binding reaction at various times 
by adding a 300-fold excess of unlabeled WT TC. Reactions were assembled as described 
above using 6 µL of sample and 3 µL of chase, and completed reactions were mixed with 
2 µL of native gel dye before resolving 10 µL by native gel electrophoresis. As above, 
samples were loaded within minutes of one another on a running native gel. The kobs values 
were calculated by plotting the fraction of [35S]-Met-tRNAi bound to 
40S·eIF1·eIF1A·mRNA complexes against time and fitting the data with a single 
exponential equation. The resulting kobs values were plotted against the 40S subunit 
concentrations used in different experiments and the data were fit to a straight line. The 
slopes of these lines correspond to the second-order rate constants (kon) for TC binding. 
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Fluorescence anisotropy measurements of equilibrium binding constants (Kd) for 
eIF1 binding to 40S·eIF1A complexes were performed using a T-format Spex Fluorolog-
3 (J. Y. Horiba) as described previously (131). The excitation and emission wavelengths 
were 497 and 520 nm, respectively. The data were fit with a quadratic equation describing 
the competitive binding of two ligands to a receptor, as previously described (342).  
3.4 RESULTS 
3.4.1 Substitutions at the eIF2:eIF1 interface decrease discrimination against 
suboptimal codons in vivo 
 Comparing the cryo-EM structures of the py48S-open and py48S-closed complexes 
reveals contacts between eIF2 and eIF1 restricted to the open complex (111) (Fig. 3.10.2 
A) involving a potential stacking interaction of the side chains of Phe residues eIF2-F217 
and eIF1-F108. eIF2-E198 and -Q221 appear to facilitate this interaction by stabilizing 
the position of eIF1-F108 via interactions with the protein backbone, and eIF2-K216 and 
-G200 interact with eIF1-Q31. In an effort to disrupt the eIF2-eIF1 interaction from each 
side of the interface, we introduced substitutions into eIF2 residues E198 and F217, and 
into eIF1 residues F108 and Q31. We predicted that perturbing the eIF2:eIF1 interaction 
at each of these positions would destabilize eIF1 binding to the open complex, thus 
favoring isomerization to the closed state and increasing initiation at UUG codons. 
  
 Mutations introducing eIF2 substitutions were generated in a SUI3 allele under its 
native promoter on a single copy LEU2 plasmid, and the resultant mutant alleles were used 
to replace wild type SUI3 on a URA3 plasmid (plasmid shuffling) by counter-selection on 
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medium containing 5-fluoroorotic acid (5-FOA). Similarly, eIF1 mutations were generated 
in a SUI1 allele under its native promoter on a single-copy LEU2 plasmid, and the mutant 
sui1 alleles were used to replace WT SUI1 by plasmid-shuffling. Among the eIF1 
substitutions, only eIF1-Q31E conferred a Slg- phenotype, which was restricted to 37º C 
(Fig. 3.10.2 B, row 4 vs. 1). The eIF2-E198A substitution was lethal, preventing growth 
on 5-FOA medium, whereas the double substitution eIF2-F217A/Q221A produced a 
slow-growth (Slg-) phenotype (Fig. 3.10.2 C, row 2 vs. 1) at 30ºC. Previously, we 
established that eIF2-F217A/Q221A is expressed at WT levels and forms a complex with 
eIF2 and eIF2 comparably to WT eIF2β (111). 
 
 To examine the effects of the eIF2β and eIF1 substitutions on start codon selection, 
we first measured expression of matched HIS4-lacZ reporters containing either an AUG or 
UUG start codon. The eIF2β-F217A, eIF1-Q31A, eIF1-Q31K and eIF1-F108A 
substitutions all produced an ~2-4 -fold increase of the UUG:AUG ratio, while the double 
mutant eIF2-F217A/Q221A and single mutants eIF1-Q31E and eIF1-F108D produced 
approximately order-of-magnitude increases compared to the WT strains (Fig. 3.10.2 D). 
The increased UUG:AUG ratios observed for eIF1-F108A, eIF1-F108D, and eIF2-
F217A/Q221A are in accordance with our previous observations on these variants (111). 
These hypoaccuracy phenotypes of multiple substitutions at the eIF2:eIF1 interface 
support the notion that physical contacts between these factors observed exclusively in 
py48S-open help to stabilize eIF1 binding to the open, scanning conformation of the PIC. 
The greater increases in the HIS4-lacZ UUG:AUG initiation ratio conferred by replacing 
Q31 and F108 with acidic residues E or D versus Ala (Fig. 3.10.2 D) might result from 
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electrostatic repulsion with acidic residue E198 of eIF2β beyond the loss of eIF1:eIF2β 
contacts conferred by the corresponding Ala replacements. The much weaker 
hypoaccuracy phenotype of the eIF1-Q31K substitution might result from a new salt-bridge 
that can be formed between this altered residue and eIF2β-E198 (Fig. 3.10.2 D). 
  
3.4.2 Substitutions at the eIF2:eIF1 interface reduce discrimination against AUG 
codons in suboptimal context 
There is evidence that the presence of eIF1 on the PIC disfavors initiation at AUG 
codons present in poor Kozak context as well as at non-AUG codons. Thus, eIF1 
discriminates against the suboptimal sequence context of its own start codon in SUI1 
mRNA to autoregulate its cellular abundance (Martin-Marcos, 2011; Ivanov, 2010). 
Moreover, Sui- eIF1 mutations that elevate UUG initiation also reduce discrimination 
against the poor context of the SUI1 AUG codon and increase eIF1 abundance (212, 342). 
Consistent with these previous findings, the eIF1-Q31A, Q31E, F108A, F108D and eIF2-
F217A/Q221A substitutions, which elevate UUG initiation on HIS4-lacZ mRNA (Fig. 
3.10.2 D), all increase eIF1 abundance to some extent (Fig. 3.10.3 A). Importantly, the 
acidic substitutions eIF1-Q31E and eIF1-F108D with the strongest hypoaccuracy 
phenotypes (Fig. 3.10.2 D) also confer the largest increases in eIF1 levels, whereas Q31K, 
showing the smallest increase in UUG initiation, confers no significant increase in eIF1 
abundance (Fig. 3.10.3 A). Furthermore, all of these substitutions except Q31A and Q31K 
increase expression of a SUI1-lacZ fusion containing the native, poor context of the SUI1 
AUG codon (-3CGU-1), but not that of a modified SUI1-lacZ fusion containing optimum 
context (-3AAA-1) (Fig. 3.10.3 B). In WT cells, the latter SUI1opt-lacZ fusion is expressed 
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at ~2-fold higher levels than the native SUI1-lacZ fusion. Accordingly, the SUI1opt-
lacZ:SUI1-lacZ expression ratio is significantly diminished by eIF1-Q31A, Q31E, F108A, 
F108D and eIF2β-F217A/Q221A (Fig. 3.10.3 B). It is noteworthy that the strongest 
reductions in the SUI1opt-lacZ:SUI-lacZ expression ratio resulted from the eIF1-Q31E, 
eIF1-F108D, and eIF2β-F217A/Q221A substitutions (Fig. 3.10.3 B), which also conferred 
the greatest increases in UUG initiation among this group of mutants (Fig. 3.10.2 D). 
 
To support the conclusion that these substitutions reduce discrimination against 
AUGs in poor context, we asked whether they increase recognition of the suboptimal AUG 
codon of an upstream ORF, and thereby decrease expression of the downstream ORF 
encoded on the same mRNA. To this end, we assayed expression of GCN4-lacZ reporters 
containing a single, modified version of upstream ORF1 elongated to overlap the GCN4 
main ORF (el.uORF1). With the WT (optimal) context -3AAA-1 for el.uORF1, virtually all 
scanning ribosomes recognize its AUG codon (uAUG-1) and, because reinitiation at the 
downstream GCN4 ORF following el.uORF1 translation is nearly non-existent, GCN4-
lacZ expression is extremely low (348). In WT cells, replacing only the optimal A with U 
at the -3 position of el.uORF1 increases leaky scanning of uAUG-1 to produce an ~7-fold 
increase in GCN4-lacZ translation. Introducing the poor context of -3UUU-1 further 
increases leaky scanning, for an ~33-fold increase in GCN4-lacZ expression, and 
eliminating uAUG-1 altogether increases GCN4-lacZ expression by >100-fold (Fig. 3.10.3 
C, column 1 (WT), rows 1-4 & Fig. 7.2.2 A,C). From these results, the percentages of 
scanning ribosomes that either translate el.uORF1 or bypass (leaky-scan) uAUG-1 and 
translate GCN4-lacZ instead can be calculated, revealing that >99.5%, ~93%, and ~67% 
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of scanning ribosomes recognize uAUG-1 in optimum, weak, and poor context, 
respectively, in WT cells (Fig. 3.10.3 C, cols. 4 & 7; see legend, Fig. 7.2.2 B). 
 
Subjecting the mutants to this analysis revealed that eIF1 substitution Q31E reduces 
leaky scanning of uAUG-1, as indicated by significantly reduced GCN4-lacZ expression 
for the two reporters containing el.uORF1 with weak or poor context, but not for the 
el.uORF1 reporter with optimum context nor the uORF-less reporter (Fig. 3.10.3 C, cf. 
cols. 1-2, rows 1-4). However, calculating the percentages of ribosomes that recognize 
uAUG-1 revealed that eIF1-Q31E confers a substantial increase in recognition of uAUG-
1 only for the poor-context (UUU) reporter, from ~67% to ~90%, while producing only a 
small increase for the weak-context (UAA) reporter, from ~93% to ~98% (Fig. 3.10.3 C, 
cf. cols. 7-8, rows 2-3; Fig 7.2.2 B, Q31E vs. WT, Weak & Poor). Similar results were 
obtained for the eIF1-F108D substitution, increasing recognition of uAUG-1 in poor-
context (UUU) from ~67% to ~91%; while producing only a slight increase for weak-
context (UAA), from ~93% to ~95%, and none for optimal context (AAA) (Fig. 3.10.3 C, 
cf. cols. 7 & 9, rows 1-3; Fig 7.2.2 B). Concordant results were also obtained for the eIF1-
Q31A and eIF1-F108A substitutions (Fig. 7.2.3 A-D). Together, the results show that these 
eIF1 substitutions reduce discrimination against poor context, both for the SUI1 AUG 
codon and uAUG-1 of GCN4 mRNA, to an extent that generally parallels their effects in 
relaxing discrimination against UUG start codons at HIS4. We conclude that the 
eIF2:eIF1 substitutions reduce discrimination against AUG codons in poor context and 
UUG start codons to similar extents.  
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3.4.3 Substitutions at the eIF2:eIF1 interface reduce the rate of TC loading in vivo 
 Mutations that destabilize the open conformation of the PIC typically confer dual 
Sui- and Gcd- phenotypes, such as the K60E substitution in eIF1 Loop 1 that reduces eIF1 
affinity for the 40S subunit (342). Because eIF1 promotes TC loading on the open 
conformation of the PIC (127), the reduced 40S occupancy of eIF1-K60E slows TC 
binding and confers derepression of GCN4 translation in vivo (Gcd- phenotype) as revealed 
using a GCN4-lacZ reporter (Fig. 3.10.4 A, cols. 1-2). The 40S binding defect also enables 
inappropriate dissociation of eIF1-K60E from the scanning PIC at non-AUG codons to 
elevate UUG initiation (342). In contrast, substitutions in eIF1 Loop 2 that remove steric 
or electrostatic clashes with Met-tRNAi that impede transition to the closed/PIN state, but 
do not affect eIF1:40S association, increase UUG initiation without reducing the rate of 
TC loading in vivo (Gcd+) (200). 
 
 None of the single eIF1 substitutions at the eIF2:eIF1 interface significantly 
derepresses GCN4-lacZ expression (Fig. 3.10.4 A), and eIF2β-F217A increases expression 
only slightly (Fig. 3.10.4 B). However, substantial derepression of GCN4-lacZ occurred 
when eIF2β-F217A was combined with Q221A in the eIF2β-F217A/Q221A double 
substitution (Fig. 3.10.4 B), as reported previously (111). Derepression of GCN4-lacZ 
expression also was conferred when the eIF1 substitutions F108A and Q31A were 
combined (Fig. 3.10.4 C). The eIF1-F108A/Q31A double substitution also conferred a 
larger increase in the UUG:AUG initiation ratio compared to the two single substitutions 
(Fig. 3.10.4 D), as shown above for eIF2β-F217A/Q221A versus eIF2β-F217A alone (Fig. 
3.10.2 D). Moreover, eIF1-Q31A/F108A conferred a greater increase in eIF1 abundance 
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compared to the corresponding single substitutions (Fig. 3.10.4 E), and it elevated 
expression of the native SUI1-lacZ fusion and reduced the SUI1opt-lacZ:SUI1-lacZ 
expression ratio (Fig. 3.10.4 F) considerably more than did the eIF1-Q31A or eIF1-F108A 
single substitutions (Fig. 3.10.3 B). Together, these results indicate that combining the 
F108A and Q31A substitutions in eIF1 produces a synthetic reduction in discrimination 
against UUG codons and poor-context AUG codons in parallel with a derepression of 
GCN4-lacZ expression not observed in the corresponding single substitution mutants. 
Importantly, the latter defect was reversed by co-overexpressing all components of TC 
(Met-tRNAi, eIF2α, eIF2β, and eIF2γ) from a high-copy plasmid (hc TC) (Fig. 3.10.4 G) 
as expected if the Gcd- phenotype of the eIF1-Q31A/F108A mutant results from slower TC 
loading that can be overcome by mass action at elevated TC concentrations. These genetic 
findings support the idea that substantially impairing the eIF1:eIF2β interface with multiple 
substitutions in either protein reduces the rate of TC loading to the open PIC conformation 
in addition to facilitating rearrangement from the open to closed conformation at poor start 
codons. 
 
 Because the Gcd- phenotype is conferred by eIF1 substitutions that weaken its 
binding to 40S subunits, we purified recombinant forms of the eIF1 variants and measured 
their 40S binding affinity by determining their ability to compete with fluorescently labeled 
WT eIF1 (eIF1FL) for binding to purified 40S·eIF1A complexes in vitro. Pre-assembled 
40S·eIF1A·eIF1FL complexes were challenged with increasing concentrations of unlabeled 
mutant or WT eIF1 proteins, and the fraction of bound eIF1FL remaining at each competitor 
concentration was determined by monitoring changes in fluorescence anisotropy (Fig. 
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3.10.5 A-B). In accordance with previous results (200, 342), the helix α1 variant K60E 
competed poorly with WT eIF1FL for binding to 40S∙eIF1A complexes, increasing the eIF1 
dissociation constant (Kd) by ~10-fold. By contrast, the eIF1-Q31E, F108D, and eIF1-
Q31A/F108A mutants competed with WT eIF1FL indistinguishably from WT unlabeled 
eIF1, indicating no significant change in their affinity for 40S·eIF1A complexes (Fig. 
3.10.5 B-C). These findings indicate that the decreased rate of TC binding inferred from 
the Gcd- phenotype of the F108A/Q31A double substitution, and the relaxed discrimination 
against poor initiation sites observed for this variant and the eIF1-F108D and eIF1-Q31E 
variants with single acidic substitutions, do not involve a weaker interaction of eIF1 with 
the 40S subunit. 
 
 We interpret the findings described thus far to indicate that the eIF1:eIF2β interface, 
found exclusively in the open conformation of the PIC, serves as a barrier to achieving the 
closed state, and that single substitutions at this interface that increase UUG initiation 
facilitate transition from the open to closed states at poor start codons by weakening this 
interface/barrier, without materially destabilizing the open conformation. The eIF1:eIF2β 
interface also facilitates TC binding during assembly of the open complex, and the more 
substantial weakening of the interface by multiple eIF1 or eIF2β substitutions reduces the 
rate of TC loading to the open complex in addition to conferring an even greater frequency 
of inappropriate transition to the closed state at poor start codons during scanning.  
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3.4.4 Substitutions at the eIF2:eIF1 interface promote Met-tRNAi accommodation 
in the PIN conformation of the closed 48S PIC in vitro 
  To provide biochemical evidence that substitutions at the eIF2:eIF1 interface 
facilitate isomerization to the closed/PIN state, we measured their effects on the rate of TC 
dissociation from PICs reconstituted from purified components in vitro. Partial 43S·mRNA 
PICs were reconstituted by incubating TCs pre-assembled with eIF2 (purified from yeast 
containing WT or mutant eIF2β subunits), [35S]-Met-tRNAi and nonhydrolyzable GTP 
analog (GDPNP), with 40S subunits, saturating concentrations of WT or mutant eIF1, WT 
eIF1A, and an uncapped, unstructured model mRNA containing either an AUG or a UUG 
start codon [mRNA(AUG) or mRNA(UUG)]. The pre-assembled 43S·mRNA PICs were 
incubated with a chase of excess unlabeled WT TC for increasing time-periods, and the 
fraction of [35S]-labeled TC remaining bound to the PIC was quantified after resolving 40S-
bound and unbound fractions via native gel electrophoresis, from which the rate of 
dissociation (koff) was calculated (Fig. 3.10.5 D). Previous work has indicated that TC 
bound in the open/POUT conformation is unstable during electrophoresis and cannot be 
visualized. Thus, the measured rate of TC dissociation in these assays largely reflects the 
proportion of complexes in the PIN state and the stability of that state with either an AUG 
or UUG in the P site (193, 203).  
 
In agreement with previous findings (193, 203, 214, 314), we observed that TC 
dissociates more rapidly from the mRNA(UUG) versus mRNA(AUG) PICs in reactions 
containing all WT components (Fig. 3.10.5 E-F, WT, Fig. 7.2.4; see representative data in 
Fig. 7.2.5 B), reflecting the reduced formation and relative instability of the PIN state at 
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near-cognate UUG versus AUG codons. The endpoint of the dissociation reaction is also 
seen to vary with start codon identity. At AUG codons, TC has dissociated from ~75% of 
PICs during the time course of our assay while the remaining ~25% of complexes are 
completely stable over this period (Fig. 3.10.5 E, G, WT). Those complexes from which 
no dissociation occurs are thought to reflect a shift to a hyperstable state distinct from the 
PIN state (203). The lower endpoint for complexes assembled on mRNA(UUG), of only 
~9% of starting complexes (Fig. 3.10.5 E, G), presumably reflects the lower stability of the 
closed/PIN complex at near-cognate UUG codons, from which fewer complexes may enter 
the hyperstable state. 
 
 Interestingly, the double substitution eIF2-F217A/Q221A results in dramatic 
stabilization of PICs at both AUG and UUG start codons. The degree of stabilization was 
such that off-rates could not be determined, because there was very little dissociation from 
these complexes on the time-scale of our assay (Fig. 3.10.5 E, F). The endpoints for both 
AUG and UUG start codons reflect almost no dissociation over 24 hours as compared to 
complexes before the addition of chase. This is similar to the effect seen previously for 
double substitutions of Watson-Crick base pairs in the ASL of Met-tRNAi (maintaining 
W:C pairing), which confer Sui- phenotypes (203). These data are consistent with the Sui- 
phenotype of eIF2-F217A/Q221A, and suggest that this double eIF2β substitution shifts 
the equilibrium in favor of the closed/PIN state, which can be accessed with an elevated 
frequency at UUG codons. The fact that TC does not dissociate from ~80% of complexes 
containing eIF2-F217A/Q221A further indicates that most complexes are able to enter 
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the highly stable state even with a near-cognate UUG codon in the P site (Fig. 3.10.5 E, 
G). 
 
 Related results were obtained for the purified eIF1 Sui- variants F108D and Q31E, 
as these substitutions decreased the rate of TC dissociation (koff) by ~2.3- to 5.0-fold from 
PICs assembled on mRNA(UUG) (Fig. 3.10.5 H-I; see representative data in Fig. 7.2.5 C). 
They also decreased the extent of TC dissociation from these PICs as indicated by ~1.5- to 
2.7-fold increases in the fraction of TC remaining bound to the PIC at the reaction end-
points (Fig. 3.10.5 H, J), thus indicating increased formation of the hyper-stable complex 
at UUG codons. Using mRNA(AUG), eIF1-Q31E decreased the koff by ~2-fold, 
considerably smaller than the 5-fold reduction observed for mRNA(UUG); while eIF1-
F108D had no significant effect on the rate of dissociation at AUG codons (Fig. 3.10.5 H-
I), and both substitutions decreased the extent of TC dissociation at AUG codons (Fig. 
3.10.5 H, J). These findings support the conclusion that substitutions in eIF1 or eIF2β that 
perturb the eIF2:eIF1 interface in the open complex reduce a barrier to isomerization to 
the closed state, particularly at near-cognate UUG codons, in accordance with the increased 
initiation at UUG codons such mutations produce in vivo. 
  
3.4.5 Substitutions at the eIF2:eIF1 interface reduce the rate of Met-tRNAi loading 
to the open complex in vitro 
As noted above, the eIF1-Q31A/F108A and eIF2-F217A/Q221A double 
substitutions appear to reduce the rate of TC loading to the open conformation of the PIC, 
as indicated by elevated GCN4-lacZ reporter expression (Fig. 3.10.4 B-C). To support this 
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interpretation, we measured the kinetics of TC binding to 40S·eIF1A·eIF1·mRNA 
complexes assembled with either WT eIF1 or eIF1-Q31A/F108A using the gel mobility 
shift assay described above. WT TC preassembled with [35S]-Met-tRNAi was added to 
initiate the reactions, which were terminated at each time point with excess unlabeled TC 
(Fig. 3.10.6 A). The pseudo-first-order rate constant (kobs) was measured at different 40S 
concentrations to obtain the second-order rate constant (kon) (193). Compared to WT eIF1, 
eIF1-Q31A/F108A confers an ~2-fold decrease in kon for mRNA(AUG) (Fig. 3.10.6 B-C, 
Representative data in Fig. 7.2.6 B). Using radiolabeled TCs assembled with eIF2 
containing the eIF2-F217A/Q221A mutant subunit, nearly identical ~1.5-fold decreases 
in kon were measured for both mRNA(AUG) and mRNA(UUG) compared to WT TCs (Fig. 
3.10.6 D-E). The relatively smaller reduction in kon for eIF2-F217A/Q221A versus eIF1-
Q31A/F108A (Fig. 3.10.6 C, E) is in keeping with the weaker Gcd- phenotype observed 
for the former mutant in vivo (Fig. 3.10.4 B-C). The similar reduction in kon conferred by 
eIF2-F217A/Q221A for PICs assembled with mRNA(AUG) or mRNA(UUG) fits with 
the notion that this eIF2 variant reduces the initial step of TC binding to the open 
conformation of the PIC, which is relatively insensitive to the nature of the start codon 
(193). These findings support the conclusion that the eIF1-Q31A/F108A and eIF2-
F217A/Q221A substitutions destabilize the open complex, reducing the rate of TC loading 




3.4.6 eIF1-F108R increases discrimination against near-cognate UUG codons in vivo 
and favors the open/POUT conformation of the PIC in vitro 
Having found that the acidic substitution eIF1-F108D shifts the system to the closed 
complex and increases UUG initiation, and noting the presence of the essential acidic 
residue eIF2 E198 at the eIF1:eIF2 interface (Fig. 3.10.2 A, left), we asked whether 
substituting eIF1 F108 with the basic residue arginine would produce the opposite effect 
on the system versus eIF1-F108D by strengthening the eIF1:eIF2 interface through a new 
salt-bridge between eIF1 R108 and native eIF2 E198. Indeed, eIF1-F108R was found to 
partially suppress the elevated UUG initiation conferred by the dominant Sui- alleles SUI5 
and SUI3-2, encoding the eIF5-G31R and eIF2-S264Y variants, respectively (349), thus 
conferring an Ssu- phenotype (Fig. 3.10.7 A-B, WT vs. F108R). 
 
 The eIF1-F108R substitution does not detectably alter eIF1 binding to 40S·eIF1A 
complexes in vitro (Fig. 3.10.5 B-C), suggesting that it reduces UUG initiation by impeding 
transition from the open to closed conformation of the PIC during scanning. Supporting 
this interpretation, eIF1-F108R increases the rate of TC dissociation from PICs 
reconstituted in vitro in the presence of the SUI5 eIF5 variant, eIF5-G31R (Fig. 3.10.7 C-
D). Consistent with our previous results (214), in reactions with WT eIF1 and eIF5-G31R, 
TC dissociates very little over the time course of the experiment from complexes 
containing an AUG or UUG start codon, yielding rate constants of only 0.10 h−1 or 0.16 
h−1, respectively (Fig. 3.10.7 C-D), reflecting stabilization of the closed/PIN state by this 
eIF5 variant. Importantly, the TC dissociation rates for the complexes assembled 
 136 
with eIF1-F108R and eIF5-G31R were increased by ~2.5-fold for mRNA(AUG) and ~4-
fold for mRNA(UUG) compared to the koff values observed with WT eIF1 and eIF5-G31R 
(Fig. 3.10.7 C-D). The extent of TC dissociation was also elevated somewhat by eIF1-
F108R, as reflected in lower reaction end-points (Fig. 3.10.7 E). These findings provide 
biochemical evidence that eIF1-F108R destabilizes the closed/PIN state at both AUG and 
UUG start codons, with a relatively stronger effect on the near-cognate triplet, thereby 
overriding the opposing effect of the eIF5-G31R substitution in preferentially enhancing 
the stability of the UUG complex (214). These findings help to account for the decreased 
utilization of UUG codons conferred by the F108R substitution in vivo. 
  
3.4.7 Substitutions in eIF2 that disrupt contacts with the Met-tRNAi anticodon 
stem-loop (ASL) favor the closed/PIN complex and perturb TC binding to the open 
complex  
Comparing the cryo-EM structures of py48S-open and py48S-closed complexes 
revealed contacts between eIF2 and the ASL of Met-tRNAi that are unique to the open 
state (Fig. 7.2.1 A-B). These include eIF2 residues S202, K170 and K214, which lie in 
proximity to the modified anticodon loop nucleotide t6A37 (Fig. 3.10.8 A). In the closed 
complex, eIF2 is more compact and forms an alternative interface with the acceptor stem 
and D-loop, but not the ASL of Met-tRNAi (Fig. 7.2.1 B). The structures also reveal that 
the open conformation has a widened P site in which many of the canonical contacts 
between the ASL and the 40S body are missing (111). We therefore hypothesized that in 
the absence of these latter contacts, eIF2 residues interacting with the ASL have a role in 
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stabilizing Met-tRNAi binding to the PIC in the open conformation, leading to the 
prediction that substituting these residues would increase initiation at poor initiation codons 
in vivo.  
 
A single alanine substitution at K170 did not significantly increase the HIS4-lacZ 
UUG:AUG initiation ratio (data not shown), whereas the eIF2-K214A substitution 
elevated the UUG:AUG ratio 2.5-fold. However, combining Ala substitutions of either 
K170 or K214 with S202A resulted in stronger phenotypes, with eIF2-K170A/S202A 
increasing the UUG:AUG ratio 3.0-fold and eIF2-S202A/K214A producing a 9.1-fold 
increase (Fig. 3.10.8B), in accordance with our earlier findings on the -S202A/K214A 
variant (111). These results indicate that the loss of a positive charge at eIF2 residue 214 
relaxes discrimination against near cognate start codons, particularly when a hydroxyl 
group is absent at residue 202, whereas loss of the basic side-chain of K170 has a similar 
but weaker effect on the system. The eIF2-S202A/K214A variant also slightly increases 
eIF1 abundance (Fig. 3.10.3 A, right), and elevates expression of the SUI1-lacZ reporter 
containing the native, suboptimal AUG context while decreasing the SUI1opt-lacZ:SUI1-
lacZ ratio (Fig. 3.10.8 C), suggesting a modest reduction in discrimination against AUG 
codons in poor sequence context in addition to increasing UUG initiation. These results 
support the prediction that perturbing the eIF2:Met-tRNAi interface specific to the open 
complex would increase the probability of rearrangement to the closed state at non-AUG 
codons and AUGs in poor context. The eIF2-S202A/K214A variant is both expressed and 
forms a complex with eIF2 and eIF2 at WT levels (111). 
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We also examined whether these eIF2 substitutions impair TC loading using the 
GCN4-lacZ reporter described above. While no Gcd- phenotype was seen for the single 
substitutions eIF2-K214A or eIF2-K170A (data not shown), the double substitutions 
eIF2-K170A/S202A and eIF2-S202A/K214A derepressed GCN4-lacZ expression by 
2.2- and 3.7-fold, respectively (Fig. 3.10.8 D). Because TC loads onto the open state of the 
PIC, this TC loading defect, combined with the Sui- phenotypes described above, provide 
in vivo evidence that contacts between eIF2 residues and the ASL contribute to TC 
binding specifically to the open complex. 
 
  This last conclusion was further supported by biochemical analysis. Measuring the 
kinetics of TC dissociation revealed that eIF2-S202A/K214A stabilized TC binding at 
both AUG and UUG codons, such that no dissociation was seen over the time-scale of our 
experiments (Fig. 3.10.8 G-I). This defect was coupled with a ~2.6- to 3-fold reduction in 
the rate of TC binding to PICs (kon) with AUG or UUG start codons (Fig. 3.10.8 E-F). 
These results signify a destabilization of the open conformation, with attendant reduction 
in the rate of TC loading and a shift toward the closed conformation and subsequent 
rearrangement to the hyper-stable complex, on perturbing the eIF2:Met-tRNAi ASL 
interface unique to the open complex. 
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3.4.8 eIF2 substitutions at the interface with the Met-tRNAi D-loop favor 
rearrangement to the closed/PIN complex with minimal perturbation of TC binding 
to the open complex 
  In addition to its contacts with the ASL described above, eIF2 forms differential 
contacts with the D-loop of Met-tRNAi in the open and closed conformations of the PIC. 
Interestingly, overlaying the two cryo-EM structures revealed extensive steric and 
electrostatic clashes between eIF2 in py48S-open and Met-tRNAi in py48S-closed, 
particularly involving eIF2 residues E189 and Q193 (Fig. 3.10.9 A, Fig. 7.2.1 C). These 
predicted clashes might indicate that eIF2 functions analogously to eIF1 during scanning 
to impede transition of Met-tRNAi to the PIN state of the closed complex before an AUG 
codon enters the P site. If so, then alanine substitutions of these residues should alleviate 
the clash, allowing Met-tRNAi to move into the closed/PIN state inappropriately at non-
AUG codons. Indeed, we found that eIF2-E189A, eIF2-Q193A, and the double 
substitution eIF2-E189A/Q193A elevated the UUG:AUG ratio between ~3.8- and ~6.1-
fold (Fig. 3.10.9 B). Interestingly, substituting E189 with positively charged Arg conferred 
a considerably larger increase in UUG initiation compared to E189A (Fig. 3.10.9 B), 
whereas the eIF2-Q193R substitution was lethal. eIF2-E189R conferred a slow-growth 
phenotype (Fig. 3.10.2 C). Increased UUG initiation in response to the Ala substitutions of 
these eIF2 residues supports the notion that relieving a clash with Met-tRNAi at these 
positions removes a barrier to PIN. That UUG initiation was further elevated by introducing 
a positive charge at position 189 suggests that introducing electrostatic attraction with Met-
tRNAi can stabilize the closed/PIN state at UUG codons. Previously, we made similar 
findings for Ala and Arg substitutions in Loop-2 of eIF1, which is also predicted to clash 
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with the Met-tRNAi D-loop as a means of restricting transition to the closed complex (200). 
eIF2-E189R slightly increased eIF1 abundance (Fig. 3.10.3 A, right) and modestly 
reduced the SUI1opt-lacZ:SUI1-lacZ expression ratio (Fig. 3.10.9 D), indicating that eIF2-
E189R has a relatively small effect in promoting transition to the closed/PIN state at AUGs 
in poor context compared to its effect at UUG codons, suggesting that a codon:anticodon 
mismatch in the P-site is required for its effect on the system. 
 
 Of the eIF2 substitutions in this region, only Q193A produced a significant but 
modest 1.6-fold derepression of GCN4-lacZ expression. It is noteworthy that no 
derepression was observed for eIF2-E189A/Q193A nor –E189R (Fig. 3.10.9 C) that 
conferred equal or greater increases in UUG initiation compared to eIF2-Q193A (Fig. 
3.10.9 B). The general lack of Gcd- phenotypes for substitutions at this interface suggests 
that the rate of TC loading is not impaired, supporting our hypothesis that these 
substitutions remove a clash with Met-tRNAi that impedes transition to the closed state 
during scanning without affecting the stability of the open state of the PIC.  
 
Our interpretation of the in vivo phenotypes of the E189R variant is supported by 
biochemical analysis. Similar to the eIF1-F108D mutation, we observed that eIF2-E189R 
lowered the TC off-rate (koff) for UUG complexes by 2-fold while dramatically increasing 
the number of complexes from which Met-tRNAi does not dissociate (~5-fold) (Fig. 3.10.9 
E-G). These results indicate a shift toward the closed conformation and subsequent 
rearrangement to the hyperstable state. The TC on-rates (kon) for mRNA(AUG) and 
mRNA(UUG) were unaffected by the E189R substitution (Fig. 3.10.9 H-I), indicating that 
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this mutation does not confer a TC loading defect. This is consistent with the lack of Gcd- 
phenotype seen in vivo for this variant (Fig. 3.10.9 C) and supports our interpretation that 
the E189R substitution does not affect the stability of the open complex to which TC binds 
but only facilitates transition to the closed/PIN state. 
 
3.5 DISCUSSION  
In this report, we provide a combination of genetic and biochemical evidence that 
eIF2 plays a direct role in stimulating TC loading in the assembly of 43S PICs, and that 
it supports eIF1 function both in promoting scanning of the mRNA for AUG codons and 
in suppressing initiation at non-AUG start codons. These functions of eIF2β are mediated 
by its separate interactions with eIF1 and the ASL of Met-tRNAi found specifically in the 
open conformation of the PIC. We also provide evidence that eIF2 cooperates with eIF1 
in preventing stable binding of Met-tRNAi in the P site at near cognate start codons through 
physical clashes predicted between both eIF1 and eIF2β in their locations found in the open 
complex and Met-tRNAi in the closed state. Hence, as demonstrated previously for eIF1 
(12), eIF2 has a dual role in promoting the open scanning conformation of the PIC while 
impeding rearrangement to the closed conformation, which helps to restrict the transition 
from open to closed conformations of the PIC to AUG codons in optimum context. 
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3.5.1 eIF2β:eIF1 and eIF2β:Met-tRNAi interactions restricted to the PIC open 
conformation reduce the rate of TC loading and increase initiation at poor initiation 
sites 
Interactions of eIF2 with eIF1 and Met-tRNAi were first observed in the py48S-
open complex, thought to represent the scanning complex with Met-tRNAi not tightly 
locked into the P site, and these contacts were absent in the py48S-closed complex, thought 
to represent the PIC following AUG recognition (111). In the downward movement of the 
40S head towards the 40S body in the transition from py48S-open to py48S-closed, the TC 
moves in conjunction with the 40S head, and the HTH domain of eIF2 is displaced from 
its interface with eIF1. At the same time, the eIF2-HTH domain moves along the Met-
tRNAi and is no longer engaged with the ASL in the closed complex. Because the 
eIF2:eIF1 and eIF2:ASL interactions occur exclusively in the open complex (Fig. 7.2.1 
D), we hypothesized that they help to prevent eIF1 dissociation from the scanning PIC, and 
that they also anchor eIF1 in the position needed for its predicted clash with Met-tRNAi in 
the closed conformation to help impede rearrangement to the PIN state at non-AUG codons 
(111, 200). 
 
We previously provided genetic support for this hypothesis (111), and have 
confirmed and extended the evidence here that substitutions in either eIF1 or eIF2 that 
perturb their interface in the open complex increase aberrant transition to the closed 
conformation at near-cognate UUG codons in vivo, elevating the UUG:AUG initiation ratio 
for a HIS4-lacZ reporter in vivo. We obtained biochemical evidence indicating that such 
substitutions reduce rates of TC dissociation from py48S PICs reconstituted at UUG 
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codons in vitro, indicating a shift to the closed conformation (and subsequent transition to 
a hyperstable state) that exhibits stable Met-tRNAi binding in the P site. Additional strong 
support for our hypothesis came from the finding that the eIF1-F108R substitution, 
designed to strengthen the eIF1:eIF2 interface, affected the system in ways opposite to 
the substitutions expected to weaken the interface, decreasing UUG initiation in a mutant 
rendered hypoaccurate by the eIF5-G31R variant (SUI5) and increasing the TC off-rate at 
UUG codons from py48S PICs assembled in the presence of eIF5-G31R. 
 
An additional in vivo manifestation of eIF1 substitutions that favor the open-to-
closed transition is the reduced leaky scanning of AUG start codons in poor context (212). 
We observed this phenotype here for both eIF1 and eIF2 substitutions that perturb their 
interface in py48S-open, as indicated by increased initiation at the eIF1 AUG present in 
the native, poor context, but not when context was optimized. In addition, they increased 
initiation at the AUG for the GCN4 uORF1 when it resides in poor context, with attendant 
reduced initiation at the downstream GCN4-lacZ coding sequences. Thus, we have 
demonstrated that the eIF2:eIF1 interface in the open complex is required for 
discrimination against poor context at AUG codons in addition to suppressing initiation at 
near-cognate triplets. 
 
Substitutions at the eIF1:eIF2 interface also impair assembly of the PIC by 
reducing the rate of TC loading. This was revealed previously for the eIF2β-F217A/Q221A 
double mutant by its derepression of a GCN4-lacZ reporter (111), and was also observed 
here for the eIF1-F108A/Q31A double mutant. Translation of GCN4 mRNA is regulated 
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by a delayed reinitiation mechanism wherein a decreased rate of TC loading blocks 
reinitiation at the uORFs and allows it to occur downstream at the GCN4-lacZ coding 
sequences instead (295). Here, we provided biochemical support for this interpretation by 
demonstrating a reduced rate of TC binding to py43SmRNA complexes reconstituted in 
vitro using the eIF1-F108A/Q31A and eIF2β-F217A/Q221A variants. For the eIF1 mutant, 
we further established that the substitutions do not decrease eIF1 affinity for reconstituted 
40SeIF1A complexes in vitro, supporting a specific destabilization of the eIF1:eIF2 
interface as the defect underlying both the assembly and accuracy phenotypes of these 
substitutions. 
 
The fact that eIF1 and eIF2 substitutions that destabilize the open conformation 
simultaneously reduce the on-rate and decrease the off-rate for TC in reconstituted py48S 
complexes is consistent with previous biochemical results indicating that eIF1 in the open 
complex accelerates TC binding, but that TC is more tightly bound to closed complexes 
lacking eIF1 (that would exist following eIF1 release at the start codon) (127). The dual 
biochemical effects of the eIF1 and eIF2 substitutions in decreasing the rate of TC binding 
to the open conformation and reducing TC dissociation from the closed complex are 
paralleled by their dual in vivo phenotypes of derepressing GCN4-lacZ expression and 
elevating the HIS4-lacZ UUG:AUG initiation ratio. Hence, our combined genetic and 
biochemical analyses provide strong evidence that the eIF1:eIF2 interface both stabilizes 
the open conformation and opposes transition to the closed state during scanning (Fig. 
7.2.7). These data further identify a direct molecular mechanism for the enhancement of 
TC recruitment by eIF1. Whereas single substitutions in eIF1 or eIF2 conferred elevated 
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UUG initiation, multiple substitutions were required to derepress GCN4-lacZ expression, 
suggesting that only a moderate perturbation of the eIF1:eIF2 interface is sufficient to 
increase the probability that eIF1 dissociates from the PIC during scanning, or to diminish 
eIF1’s predicted clash with Met-tRNAi at non-AUG codons. However, a larger 
perturbation conferred by multiple substitutions in eIF1 or eIF2β is required to impair 
eIF1’s enhancement of TC recruitment during PIC assembly. 
 
Interactions between eIF2 and the ASL of Met-tRNAi were also revealed in the 
py48S-open complex that are absent in py48S-closed (111), suggesting that they too might 
specifically stabilize the open, scanning conformation of the PIC. Supporting this 
hypothesis, we demonstrated that the eIF2-S202A/K214A double substitution, designed 
to perturb the eIF2:ASL interface, confers the dual in vivo phenotypes of derepressed 
GCN4-lacZ expression and elevated UUG initiation, and produced the corresponding 
biochemical defects of a reduced TC on-rate and decreased TC off-rate, respectively, in 
reconstituted py48S PICs. Thus, the eIF2:ASL interactions, like eIF1:eIF2 contacts, 
appear to enhance TC loading and scanning in the open conformation of the PIC, and 
disfavor rearrangement to the closed state, at near cognate start codons (Fig. 7.2.7).  
 
It is noteworthy that the eIF2 substitutions at the eIF2:ASL interface have a 
smaller stimulatory effect on initiation at the poor-context AUG codon of eIF1 compared 
to initiation at the UUG start codon of the HIS4-lacZ reporter, whereas the eIF1 
substitutions at the eIF1:eIF2 interface, and other eIF1 substitutions at the 40S interface 
described previously (342), confer more comparable increases in initiation at poor-context 
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AUG and UUG codons. The enhanced recognition of poor-context AUGs produced by 
eIF1 substitutions could result from a decreased rate of scanning that increases the dwell-
time at each triplet and provides more time to complete downstream reactions required for 
start codon selection (“slow-scanning” mechanism). Alternatively, it could result from an 
increased probability of rearrangement to the closed conformation at each triplet that 
elevates the likelihood of initiation at AUGs in poor context (“shifted equilibrium” 
mechanism). We have invoked the latter mechanism to account for the increased UUG 
initiation conferred by eIF1 substitutions that shift the equilibrium from the open to closed 
conformation of reconstituted PICs at UUG codons (Figs. 3.10.1 B & 7.2.6).  
 
While our data do not directly address the mechanism by which the recognition of 
suboptimal start codons is enhanced, one way to account for our findings is to propose that 
both the eIF1 substitutions and eIF2 substitutions perturbing the eIF1:eIF2β interface 
increase UUG initiation by the “shifted equilibrium” mechanism, whereas they enhance 
initiation at poor-context AUG codons by the “slow scanning” mechanism mentioned 
above. The eIF2 substitutions at the interface with the Met-tRNAi ASL would also 
enhance UUG initiation by the “shifted equilibrium” mechanism, as they confer reduced 
TC off-rates in reconstituted PICs. However, because they do not reduce the occupancy of 
eIF1 in the scanning PIC, they cannot increase initiation at poor-context AUGs by the slow-
scanning mechanism and can do so only by shifting the equilibrium between open and 
closed conformations of the PIC. 
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3.5.2 The predicted clash of eIF2β in the open conformation with Met-tRNAi in the 
closed state impedes initiation at near-cognate start codons 
Previous studies have shown that eIF1 physically restricts full accommodation of 
Met-tRNAi in the P-site of the scanning complex in a manner that restricts rearrangement 
to the closed state until a perfect AUG:anticodon duplex is formed in the P site (200). The 
eIF1:Met-tRNAi clash was revealed by superimposing eIF1 in py48S-open with Met-
tRNAi in py48S-closed. Similar modeling here revealed that the HTH domain of eIF2 in 
py48S-open clashes with Met-tRNAi in py48S-closed (Fig. 7.2.1 C), and we hypothesized 
that eIF2 cooperates with eIF1 in opposing Met-tRNAi binding in the PIN state prior to 
AUG recognition. Supporting this idea, Ala substitutions in eIF2 residues E189 and Q193 
designed to diminish the predicted clash with the D-loop of Met-tRNAi, increased UUG 
initiation in vivo. Interestingly, the E189R substitution conferred a stronger phenotype 
compared to eIF2β-E189A, suggesting that replacing electrostatic repulsion with attraction 
allows eIF2 to stabilize rather than impede Met-tRNAi binding in the closed complex and 
thereby overcome the destabilizing effect of a UUG:anticodon mismatch more effectively 
than is achieved by merely eliminating the acidic side chain of eIF2 E189. Consistent 
with this interpretation, the eIF2-E189R substitution shifted the equilibrium to the closed 
state in vitro, reducing the TC off-rate from UUG codons in reconstituted py48S 
complexes. Importantly, however, the E189R substitution had no effect on GCN4-lacZ 
expression in vivo, nor on the on-rate of TC in reconstituted PICs. These findings can be 
explained by proposing that diminishing the predicted electrostatic clash of the eIF2 HTH 
domain with Met-tRNAi (or replacing it with electrostatic attraction) removes a barrier to 
the PIN state of the closed complex that increases UUG initiation, but it does not destabilize 
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the open complex and, hence, does not slow TC loading to the open conformation of the 
PIC. We recently obtained similar results for substitutions in Loop-2 of eIF1 that were 
designed to diminish its predicted clash with Met-tRNAi (200). Hence, we propose that the 
eIF2 HTH cooperates with eIF1 Loop-2 in the scanning PIC to establish a physical barrier 
to isomerization of Met-tRNAi to the PIN state of the closed complex (Fig. 7.2.7). Both eIF1 
and the eIF2 HTH in their respective positions in the open complex are predicted to clash 
with different surfaces of the Met-tRNAi in the closed complex, and their contacts with one 
another in the open complex should mutually reinforce their distinct inhibitory interactions 
with Met-tRNAi (Fig. 7.2.1 D). 
 
The eIF2-E189R substitution does not increase initiation at the poor-context AUG 
start codon of eIF1 mRNA and in this respect, resembles the eIF2 substitutions at the 
interface with Met-tRNAi-ASL in the open complex in selectively increasing initiation at 
UUG codons. Because eIF2-E189R is not expected to perturb eIF1 binding to the open 
complex, it should not reduce the rate of scanning and overcome poor AUG context by the 
“slow-scanning” mechanism proposed above. The same reasoning should apply to the eIF1 
loop-2 mutations that diminish the predicted clash with Met-tRNAi. However, these 
substitutions were found to increase initiation at poor-context AUGs in addition to UUG 
codons (200). As a possible explanation for this discrepancy, it could be proposed that eIF1 
loop-2 substitutions additionally perturb an interaction of eIF1 with the eIF3c-NTD (230) 
required for a WT rate of scanning. More work will be required to determine whether 
decreased discrimination against poor context can be achieved simply by removing a 
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barrier to the PIN state, which is sufficient to increase UUG initiation, or whether a kinetic 
defect in scanning is also required.  
 
In summary, through a combination of genetics and biochemistry, we have 
identified three distinct interactions involving the eIF2 HTH domain that increase the 
accuracy of initiation. These involve separate eIF2 contacts with eIF1 and the Met-tRNAi 
ASL, which occur specifically in the open conformation of the PIC, and the predicted clash 
of the eIF2 HTH domain in its position in the open complex with Met-tRNAi in its 
location in the closed state—all of which impede the open-to-closed transition of the PIC 
and help limit initiation to AUG codons. These functions of eIF2, and the analogous 
regulatory roles of eIF1, join a growing list of molecular interactions visualized in the 
py48S-open or py48S-closed PICs (111) that regulate scanning and start codon recognition, 
including interaction of the eIF1A N-terminal tail with the codon:anticodon duplex (206), 
interactions of Rps5/uS7 with eIF2 (314, 316), and Rps3-mRNA interactions at the 
mRNA entry channel of the 40S subunit (119). Our results further establish a direct role 
for eIF1 in promoting TC binding to the open complex through its interactions with the 
eIF2-HTH, and we show that this aspect of PIC assembly is also stimulated by eIF2-
HTH interactions with the Met-tRNAi ASL. 
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Figure 3.10.1. Model describing conformational rearrangements of the PIC during 
scanning and start codon recognition and the consequences of Sui- substitutions in 
eIF1 
(A) Assembly of the PIC, scanning and start codon selection in WT cells. (i) eIF1 and the 
scanning enhancer (SE) elements in the CTT of eIF1A stabilize an open conformation of 
the 40S subunit to which TC rapidly loads. (ii) The 43S PIC in the open conformation scans 
the mRNA for the start codon with Met-tRNAi bound in the POUT state. The GAP domain 
in the N-terminal domain of eIF5 (5N) stimulates GTP hydrolysis by the TC to produce 
GDP-Pi, but release of Pi is blocked. The unstructured NTT of eIF2β interacts with eIF1 to 
stabilize eIF1•40S association and the open conformation. (iii) On AUG recognition, the 
Met-tRNAi moves from the POUT to PIN state, clashing with eIF1. Movement of eIF1 away 
from the P site disrupts its interaction with the eIF2β-NTT, and the latter interacts with the 
eIF5-CTD instead. eIF1 dissociates from the 40S subunit, and the eIF1A SE elements move 
away from the P site. The eIF5-NTD dissociates from eIF2 and interacts with the 40S 
subunit and the eIF1A CTT, facilitating Pi release and blocking reassociation of eIF1 with 
the 40S subunit. (Above) The arrows summarize that eIF1 and the eIF1A SE elements 
promote POUT and block the transition to the PIN state, whereas the scanning inhibitor (SI) 
elements in the NTT of eIF1A stabilizes the PIN state. (Adapted from Hinnebusch and 
Lorsch 2012, Nanda et al. 2013, Martin-Marcos et al. 2014.) (B) An eIF1 substitution that 
weakens that factor’s binding to the 40S subunit destabilizes the open/POUT conformation, 
reducing the rate of TC loading and increasing selection of near-cognate (UUG) start 
codons. (i) Aberrant dissociation of mutant eIF1 from the 40S subunit reduces the 
prevalence of the open/POUT conformation, decreasing the rate of TC loading and 
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conferring the Gcd- phenotype (red dotted arrow). (ii, iii) Once TC eventually binds to the 
PIC and scanning commences, an increased frequency of mutant eIF1 dissociation from 
the open/POUT conformation enables more frequent rearrangement to the PIN state at UUG 
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Figure 3.10.2. Substitutions at the eIF2:eIF1 interface of the open complex decrease 
discrimination against UUG initiation codons in vivo 
 (A) Interactions between eIF2 and eIF1 in the py48S-open and py48S-closed states of 
the PIC (111). eIF2 is shown in red, eIF1 in cyan. Residues substituted in this study are 
shown as sticks and labeled. Arrows indicate that substitutions disrupting these contacts 
favor the closed state by allowing eIF1 release. (B) Ten-fold serial dilutions of JCY03 
derivatives with the indicated SUI1 alleles were spotted on synthetic complete medium 
lacking leucine (SC-Leu) and incubated at 30C or 37C for 2-3d. (C) Ten-fold serial 
dilutions of KAY18 derivatives with the indicated SUI3 alleles were spotted on SC-Leu 
and incubated at 30C for 2d. (D) HIS4-lacZ reporters with AUG or UUG start codons 
assayed to calculate UUG:AUG initiation ratios. Derivatives of sui1 his4-301 strain 
JCY03 containing the indicated SUI1 alleles or derivatives of KAY18 containing the 
indicated SUI3 alleles, each harboring the appropriate HIS4-lacZ reporter, were cultured in 
synthetic dextrose minimal medium (SD) supplemented with His and Trp at 30C to A600 
of ~1.0, and -galactosidase activities (in units of nanomoles of o-nitrophenyl--D-
galactopyranoside cleaved per min per mg) were measured in whole cell extracts (WCEs). 
The ratio of expression of the UUG to AUG reporter was calculated from four to six 
different transformants, and the mean and SEMs were plotted. Asterisks indicate 
significant differences between mutant and WT as judged by a two-tailed, unpaired 
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Figure 3.10.3. Substitutions at the eIF2:eIF1 interface of the open complex decrease 
discrimination against AUG codons in suboptimal contexts in vivo 
(A) Derivatives of sui1 his4-301 strain JCY03 containing the indicated SUI1 alleles or 
derivatives of KAY18 containing the indicated SUI3 alleles were cultured in SD 
supplemented with His, Trp and Ura at 30C to A600 of ~1.0, and WCEs were subjected to 
western blot analysis using antibodies against eIF1 and Hcr1 (loading control). Two 
amounts of each extract differing by a factor of two were loaded in successive lanes. eIF1 
western signals were normalized to those for Hcr1 and mean values (±SEM) were 
calculated from seven biological replicates. (B) The same strains as in (A) but harboring 
sc plasmids (pPMB24 or pPMB25) with SUI1-lacZ fusions with native suboptimal (-3CGU-
1) or optimum (-3AAA-1) AUG contexts were cultured and assayed for -galactosidase 
activities as in Fig. 3.10.2 B. Mean expression levels and SEMs were calculated from three 
transformants, and relative (Rel.) mean expression levels normalized to that of the WT 
strain are listed below, along with expression ratios for the SUI1-lacZ versus SUI1-opt-
lacZ reporters. (C) Transformants of JCY03 harboring WT SUI1, sui1-Q31E or sui1-
F108D and el.uORF1 GCN4-lacZ reporters (pC3502, pC3503 or pC4466) containing the 
depicted optimum (row 1), weak (row 2) or poor (row 3) context of uAUG-1, or an uORF-
less GCN4-lacZ reporter with a mutated uAUG-1 (pC3505, row 4), were assayed for -
galactosidase activities as in Fig. 3.10.2 B. Mean expression values with SEMs were 
determined from six transformants (columns 1, 2 and 3). The percentages of scanning 
ribosomes that translate el.uORF1 (columns 7, 8 and 9) or leaky-scan uAUG-1 and 
translate GCN4-lacZ instead (columns 4, 5 and 6) were calculated from results in columns 
1, 2 and 3 by comparing the amount of expression observed for each uORF-containing 
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reporter to the uORF-less construct, as described in Fig. 7.2.2 B-C. (A-C) Asterisks 
indicate significant differences between mutant and WT as judged by a two-tailed, unpaired 
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Figure 3.10.4. Double substitutions at the eIF2:eIF1 interface of the open complex 
derepress GCN4-lacZ expression and decrease discrimination against the poor 
context of the eIF1 AUG codon in vivo 
(A) Transformants of JCY03 containing the indicated SUI1 alleles and the WT GCN4-lacZ 
reporter (depicted schematically) on plasmid p180 were assayed for -galactosidase 
activities as in Fig. 3.10.2 B. Mean expression levels and SEMs calculated from six to eight 
transformants of each strain are plotted. (B) Derivatives of KAY18 containing the indicated 
SUI3 alleles and the WT GCN4-lacZ reporter were assayed for -galactosidase activities 
as in Fig. 3.10.2B. (C) Derivatives of JCY03 containing the indicated SUI1 alleles and WT 
GCN4-lacZ reporter were assayed for -galactosidase activities as in Fig. 3.10.2 B. (D) 
Transformants of JCY03 containing the indicated SUI1 alleles and HIS4-lacZ reporters 
were assayed for β-galactosidase activities as in Fig. 3.10.2 B. (E) Derivatives of sui1 
his4-301 strain JCY03 containing the indicated SUI1 alleles were subjected to western blot 
analysis as in Fig. 3.10.3 A. The eIF1 western signals were normalized to those for Hcr1 
and mean values (±SEM) were calculated from three biological replicates. (F) Derivatives 
of sui1 his4-301 strain JCY03 containing the indicated SUI1 alleles and harboring 
plasmids (pPMB24 or -25) with SUI1-lacZ fusions with native suboptimal (-3CGU-1) or 
optimum (-3AAA-1) AUG contexts were cultured and assayed for -galactosidase activities 
as in Fig. 3.10.2 B. Mean expression levels and SEMs were calculated from six 
transformants, and relative (Rel.) mean expression levels normalized to that of the WT 
strain are listed below, along with expression ratios for the SUI1-lacZ versus SUI1-opt-
lacZ reporters. (G) Transformants of JCY03 containing the indicated SUI1 alleles on a sc 
plasmid, either hc TC plasmid (p4835) or empty vector (YCplac112), and the WT GCN4-
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lacZ reporter were assayed for -galactosidase activities as in Fig. 3.10.2 B. (A-G) 
Asterisks indicate significant differences between mutant and WT as judged by a two-
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Figure 3.10.5. Substitutions at the eIF2:eIF1 interface of the open complex do not 
impair eIF1:40S interaction but enhance the closed/PIN conformation of py48S PICs 
at UUG codons in vitro 
(A-C) Measurement of eIF1 binding constants. Fluorescein-labeled WT eIF1 (5 nM) was 
pre-bound to 40S subunits (15 nM) in the presence of eIF1A (1µM), mixed with increasing 
concentrations of unlabeled WT eIF1, eIF1-K60E, eIF1-F108D, eIF1-Q31E, eIF1-F108R 
or eIF1-F108D/Q31E, and the change in fluorescence anisotropy was measured (A). One 
of two replicate experiments is shown (B), from which mean Kdcomp values and average 
deviations were calculated (C). (D-J) Measurement of TC dissociation kinetics. Partial 48S 
complexes were assembled with radiolabeled TC containing WT or mutant eIF2β, eIF1A, 
model mRNA containing an AUG or UUG start codon, and WT or mutant eIF1 proteins; 
chased with excess unlabeled TC for increasing periods of time; and the fraction of labeled 
Met-tRNAi bound to the PIC at each time-point was determined by EMSA (D). A 
representative plot of the fraction of [35S]-Met-tRNAi incorporated into p43S·mRNA 
complexes is plotted as a function of time for eIF2β-F217A/Q221A (E) from which mean 
rate constants (F) and end points (G) (with SEMs) were calculated. Similar plots were 
created for eIF1 variants F108D and Q31E (H) and were used to calculate mean rate 
constants (I) and end points (with SEMs) (J) from between three and five replicate 
experiments (numbers in parentheses). (F-J) Asterisks indicate significant differences 




































































Figure 3.10.6. Double substitutions at the eIF2β:eIF1 interface of the open complex 
reduce rates of TC binding in vitro 
(A) Schematic for measurement of TC association kinetics. WT TC preassembled with 
[35S]-Met-tRNAi was mixed with pre-formed 40S·eIF1A·eIF1·mRNA complexes, 
incubated for increasing times, and reactions were terminated at each time-point with a 
chase of excess unlabeled TC. The fraction of labeled Met-tRNAi bound to the PIC at each 
time-point was determined by EMSA. The pseudo-first-order rate constant (kobs) was 
measured at different 40S concentrations to obtain the second order rate constant (kon). (B-
C) Determination of TC kon values as described in (A) for WT or eIF1-F108A/Q31A 
mutant and mRNA(AUG). The mean kobs values were determined from at least three 
independent experiments at each 40S concentration. The resulting mean kobs values are 
plotted against each 40S concentration with error bars representing SEMs (B). kobs values 
from each of three independent experiments were plotted against 40S concentration in 
order to calculate kon, and mean kon values (with SEMs) are shown (C). (D-E) 
Determination of TC kon values as described in (A-C) for WT eIF2 or eIF2 containing the 
eIF2β-F217A/Q221A (FQ) variant for partial 43S·mRNA complexes containing 
mRNA(AUG) or mRNA(UUG). The mean kobs values determined from three independent 
experiments at each 40S concentration were plotted versus the 40S concentration (D), and 
the mean calculated kon values determined from three independent experiments are shown 
(E). Asterisks indicate significant differences between mutant and WT as judged by a two-
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Figure 3.10.7. eIF1 substitution F108R at the eIF2:eIF1 interface of the open 
complex increases discrimination against UUG start codons in vivo and disfavors PIN 
at UUG start codons in vitro 
(A, B) HIS4-lacZ reporters with AUG or UUG start codons were assayed as in Fig. 3.10.2 
D (except that Trp was omitted from the medium) to calculate the UUG:AUG initiation 
ratio in the presence of the dominant Sui- allele SUI5 on plasmid p4281 (A) or SUI3-2 on 
plasmid p4280 (B). (C-E) TC dissociation kinetics were assayed as in Fig. 3.10.5 D-G for 
partial 43S·mRNA complexes containing mRNA(AUG) or mRNA(UUG) and assembled 
with WT eIF1 or eIF1-F108R in the presence of the eIF5-G31R variant (SUI5). 
Representative curves selected from three independent experiments are shown (C) from 
which mean rate constants (D) and end points (E) (with SEMs) were calculated. (A-E) 
Asterisks indicate significant differences between mutant and WT as judged by a two-
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Figure 3.10.8. Genetic and biochemical evidence that eIF2 substitutions at the 
eIF2:Met-tRNAi interface of the open complex decrease the rate of TC binding and 
enhance the closed/PIN conformation at UUG codons 
(A) Contacts between eIF2 and the Met-tRNAi ASL in the py48S-open complex. In 
py48S-closed eIF2 has moved away and instead contacts the Met-tRNAi D-loop (Fig. 
7.2.1 B). eIF2 is shown in red, Met-tRNAi in green. Measurements are in angstroms. (B) 
Derivatives of strain KAY18 containing the indicated SUI3 alleles and harboring HIS4-
lacZ reporters with AUG or UUG start codons were assayed for β-galactosidase activities 
as in Fig. 3.10.2 D. The ratio of expression of the UUG to AUG reporter was calculated 
from at least four different measurements, and the mean and S.E.M.s were plotted. (C) 
Derivatives of strain KAY18 containing the indicated SUI3 alleles and harboring plasmids 
(pPMB24 or pPMB25) with SUI1-lacZ fusions with either the native suboptimal (-3CGU-
1) or optimized (-3AAA-1) AUG context were cultured and assayed for β-galactosidase 
activities as in Fig. 3.10.2 D. Mean expression levels and SEMs were calculated from four 
transformants, and relative (Rel.) mean expression levels normalized to that of the WT 
strain are listed, along with expression ratios for the SUI1-lacZ versus SUI1opt-lacZ 
reporters. (D) Derivatives of strain KAY18 containing the indicated SUI3 alleles and 
harboring a GCN4-lacZ reporter on plasmid p180 were cultured in synthetic complete 
medium lacking leucine and uracil (SC-L-U) at 30°C to A600 of ~0.8, and β-galactosidase 
activities were measured as in Fig. 3.10.2 D. Mean GCN4-lacZ expression (± SEM) in 
units of β-galactosidase activity was calculated from four transformants. (E, F) The kon 
values for TC binding to partial 43S·mRNA(AUG) or 43S·mRNA(UUG) complexes were 
determined as in Fig. 3.10.6 A-C for WT eIF2 and eIF2 containing eIF2β-S202A/K214A 
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from three independent experiments for each eIF2/mRNA combination. (G-I) TC 
dissociation rates were measured as in Fig. 3.10.5 D-G for WT eIF2 or eIF2 containing 
eIF2β-S202A/K214A for partial 43S·mRNA(AUG) or 43S·mRNA(AUG) complexes. One 
of three replicate experiments is shown for each eIF2/mRNA combination (G), from which 
mean rate constants (H) and end points (I) with SEMs were calculated. (B-I) Asterisks 
indicate significant differences between mutant and WT as judged by a two-tailed, unpaired 
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Figure 3.10.9. Genetic and biochemical evidence that eIF2β substitutions designed to 
alleviate a predicted clash between eIF2 and Met-tRNAi enhance transition to the 
closed state at UUG codons but do not alter the rate of TC loading 
(A) Overlaying the structure of eIF2 in py48S-open with Met-tRNAi in py48S-closed 
reveals predicted clashes between eIF2 (including residues E189 and Q193) and Met-
tRNAi (including residue U45) that should impede rearrangement of Met-tRNAi to the 
closed state before AUG recognition. eIF2 is shown in red, Met-tRNAi in green. (B) 
Derivatives of strain KAY18 containing the indicated SUI3 alleles and harboring HIS4-
lacZ reporters were analyzed as in Fig. 3.10.2 D. The ratio of expression of the UUG to 
AUG reporter was calculated from at least four independent transformants, and the mean 
and S.E.M.s were plotted. (C) Derivatives of strain KAY18 containing the indicated SUI3 
alleles and harboring a GCN4-lacZ reporter were analyzed as in Fig. 3.10.2 D. Mean 
GCN4-lacZ (± SEM) was determined from at least four independent transformants. (D) 
Derivatives of strain KAY18 containing the indicated SUI3 alleles and harboring plasmids 
(pPMB24 or pPMB25) with SUI1-lacZ fusions with either native suboptimal (-3CGU-1) or 
optimized (-3AAA-1) AUG context were analyzed as in Fig. 3.10.2 D. Mean expression 
levels and SEMs were calculated from four transformants, and relative (Rel.) mean 
expression levels normalized to that of the WT strain are listed, along with expression ratios 
for the SUI1-lacZ versus SUI1opt-lacZ reporters. (E-G) TC dissociation rates were 
measured as in Fig. 3.10.5 D-G. One of three replicate experiments is shown for WT eIF2 
and eIF2 containing the variant eIF2β-E189R (E), from which mean rate constants (F) and 
end points (G) with SEMs were calculated. (H, I) TC association rates were measured as 
in Fig. 3.10.6 A-C for WT eIF2 and eIF2 containing eIF2β-E189R and partial 
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43S·mRNA(AUG) or 43S·mRNA(UUG) complexes. The kobs values are plotted against 
the concentration of 40S subunits (H), and the calculated TC on-rates (kon) are shown (I). 
Values are the averages of three independent experiments. (B-I) Asterisks indicate 
significant differences between mutant and WT as judged by a two-tailed, unpaired 
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Translation initiation is the critical step of protein synthesis at which the correct start 
codon is selected, determining the sequence and quantity of proteins produced. In 
eukaryotes, a 43S preinitiation complex (PIC) consisting of the 40S ribosomal subunit, 
eukaryotic initiation factors (eIFs), and a ternary complex (TC) made up of GTP-bound 
eIF2 and methionyl initiator tRNA (tRNAi) scans the mRNA leader for an AUG codon. 
Canonically, initiation occurs at the first AUG encountered, but it is known that the PIC 
may bypass an AUG in unfavorable sequence context. However, it is not known how the 
ribosome recognizes favorable context. Recent work from our lab indicates that 
ribosomal proteins, particularly the β–hairpin of Rps5/uS7, are involved in this process, 
and structural analyses of a 43S·mRNA complex reveal that Rps26/eS26 contacts the 
mRNA upstream of the AUG codon in the E site and mRNA exit channel of the 40S 
subunit near the Rps5/uS7 β-hairpin. To investigate the role of Rps26/eS26 in start codon 
selection, we mutated residues positioned near the mRNA and assayed for decreased 
initiation fidelity indicated by increased initiation at a near cognate UUG codon (Sui- 
phenotype) or suppression of UUG initiation in cells containing a Sui- mutation in 
another factor (Ssu- phenotype). We found that substitutions of residues of Rps26/eS26 
that contact the mRNA further upstream (-10, -11) in the exit channel produced strong 
Ssu- phenotypes, increasing the requirement for an AUG and suppressing a Sui- mutation 
in another factor. These mutants are analogous to Ssu- mutations observed in Rps3/uS3 in 
the mRNA entry channel, suggesting a novel role for ribosomal proteins in clamping 
mRNA in both the entry and exit channels in order to maintain initiation fidelity. In 
addition, we discovered that Rps26/eS26 substitutions near the important -3, -4, and -5 
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nucleotides (numbered from the A of AUG (+1)) confer slow growth and decrease 
initiation fidelity (Sui- phenotype), indicating that these residues play a role in AUG 
selection. Because this region of Rps26/eS26 interacts with the mRNA backbone, it is 
possible that these residues help to position the mRNA for inspection by another factor, 
such as eIF2α or Rps5/uS7. Taken together, these data indicate important, previously 
unrecognized roles for Rps26/eS26 in context recognition and efficient and accurate start 



















Accurate start codon selection during translation initiation is critical to ensure that the 
correct cellular proteins are synthesized. In eukaryotes, this process generally occurs via a 
scanning mechanism. The small 40S subunit of the ribosome, along with eukaryotic 
initiation factors (eIFs) 1, 1A, 3, and 5, recruits a ternary complex (TC) consisting of 
methionyl initiator tRNA (tRNAi) and GTP-bound eIF2 to form a 43S preinitiation 
complex (PIC). The PIC is recruited to the 5’ end of mRNA, assisted by the eIF4F 
complex, and scans the 5’-untranslated region (UTR) for an AUG in favorable sequence 
context. The -3 and +4 positions (numbered from A of AUG (+1)) are of particular 
importance to sequence context optimality. During scanning, the 40S subunit assumes an 
open conformation in which tRNAi is not tightly bound in the peptidyl (P) site (POUT), 
and while hydrolysis of GTP may occur, the inorganic phosphate (Pi) is not released. 
eIF1 promotes the open conformation of the PIC by preventing full accommodation and 
tighter binding of tRNAi in the P site and by blocking Pi release from eIF2-GDP·Pi. As 
discussed above, eIF2 is also involved in impeding transition to the closed state by 
stabilizing eIF1 binding and through its own interactions with tRNAi. Upon recognition 
of an appropriate start codon, transition to the closed state of the PIC alters eIF2 
interactions with eIF1 and tRNAi and eIF1 is released from the PIC, allowing Pi release 
and full accommodation of tRNAi in the P site (PIN). Subsequent dissociation of the other 
initiation factors is followed by joining of the large (60S) ribosomal subunit, catalyzed by 
eIF5B, resulting in an 80S initiation complex with tRNAi base-paired to AUG in the P 
site, ready to proceed with protein synthesis (reviewed in (12)). 
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As outlined above, eIF1 promotes the open, scanning-conducive conformation of the PIC 
to which TC rapidly loads in the POUT state (151). eIF1 also blocks transition to the 
closed state at non-AUG codons or AUG codons in poor context (151, 209). This dual 
role of eIF1 positions it as a ‘gatekeeper’ of translation initiation fidelity, whose release 
from the PIC is required for start codon selection (129, 137, 207). Accordingly, mutations 
that weaken eIF1 binding to the 40S subunit reduce the rate of TC loading, derepressing 
expression of a GCN4-lacZ reporter (Gcd- phenotype) (212, 213). Such mutations also 
elevate initiation at near-cognate codons or AUGs in poor context (Sui- phenoypte) by 
causing premature eIF1 release, destabilizing the open PIC and favoring inappropriate 
transition to the closed/PIN state (213). Conversely, mutations that strengthen eIF1’s 
interaction with the 40S subunit increase the stringency of the PIC for an AUG in good 
context (Ssu- phenotype) (214). Moreover, decreasing the cellular abundance of eIF1 
decreases initiation accuracy, while overexpression of eIF1 suppresses initiation at near-
cognate or poor context start codons (146, 196, 212, 215, 350). This link between eIF1 
abundance and initiation accuracy is exploited to autoregulate eIF1 expression, since the 
eIF1 gene (SUI1 in yeast) initiates from an AUG in poor context and the frequency of its 
recognition is inversely related to eIF1 abundance (215).  
 
The optimal sequence context around an AUG (summarized in Fig. 4.6.1 A) plays a large 
role in start codon selection (351). In most vertebrates, the Kozak consensus sequence of 
gccRccAUGG is preferred, where upper case letters represent less variability than 
lowercase ones and R represents a purine (A or G) (304, 306). The presence of a purine at 
the -3 position is the most highly conserved element of this sequence (after AUG), with 
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97% of vertebrate mRNAs displaying a purine at this position and A being the more 
common nucleotide (305). The introduction of point mutations at different positions of 
the consensus sequence confirmed the importance of a purine, preferably A, at the -3 
position (307). In yeast, the optimal start codon context is poly(A), conserving the 
preference for a purine at the -3 position, with 81% of all yeast mRNAs and 100% of 
highly expressed yeast genes containing an A at -3 (309). Despite the demonstrated 
importance of sequence context to start codon selection, and therefore, to gene 
expression, how the ribosome recognizes the context nucleotides is not well understood 
at the molecular level. 
 
During scanning, the mRNA enters the 40S subunit through a 12 nucleotide entry 
channel, threads around the neck through the A, P, and E decoding sites, and exits 
through a 12 nucleotide exit channel above the platform (Fig. 4.6.1 B) (91, 261, 352). As 
a result, when an AUG is positioned in the P site, where it is decoded by Met-tRNAi, the 
-1 to -3 nucleotides lie in the E site, and context nucleotides beginning with the -4 
position are located in the exit channel. The -subunit of eIF2 lies in the vicinity of the 
important -3 nucleotide (109, 195) and crosslinking studies indicate that the N-terminal 
domain (D1) of eIF2 contacts the mRNA at the -3 position in the exit channel (265). In 
addition, eIF2 complexes lacking eIF2 were shown to form 48S complexes less 
efficiently than heterotrimeric eIF2 complexes, and the absence of eIF2 reduced the 
stimulatory effect of a purine at the -3 position on PIC assembly in a reconstituted 
mammalian system (265). These observations indicate that eIF2-D1 may be involved in 
recognition of the -3 nucleotide during start codon selection. 
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Structural studies have revealed that the conserved -hairpin of ribosomal protein 
Rps5/uS7 lies in the mRNA exit channel near eIF2-D1 and the -3 nucleotide of mRNA 
(Fig. 4.6.2) (92, 195). Recent studies from our lab have demonstrated that the -hairpin 
of Rps5/uS7 is required for efficient and accurate start codon selection in vivo and in 
vitro (314). Substitutions in the -strand 1 of this hairpin reduce the efficiency of AUG 
recognition and exacerbate the effect of poor context at the SUI1 start codon, resulting in 
decreased cellular abundance of eIF1 and an indirect increase in initiation at near-cognate 
UUG codons that can be rescued by restoring WT levels of eIF1. Meanwhile, 
substitutions in the loop portion of the Rps5 -hairpin discriminate against near-cognates 
by destabilizing the PIN state specifically at non-AUG triplets. Thus, overall, substitutions 
in the Rps5 -hairpin destabilize the PIN state and decrease initiation at suboptimal 
initiation codons. In addition, differential contacts at the Rps5:eIF2 interface between 
the open and closed states of the PIC were shown to be instrumental in stabilizing each 
state respectively, modulating the transition to PIN and promoting accurate AUG selection 
(316). These findings underscore the importance of Rps5/uS7 for start codon recognition 
and demonstrate the active role that ribosomal proteins near the decoding sites and exit 
channel can play in AUG selection and context discrimination.  
 
Four ribosomal proteins have loops or tails that extend into the mRNA exit channel (92, 
195). In addition to the -hairpin of Rps5/uS7 discussed above, these include 
Rps14/uS11, Rps26/eS26, and Rps28/eS28 (Fig. 4.6.2). Aside from Rps5/uS7, only 
Rps26/eS26 is predicted to directly contact the important -3 context nucleotide. In 
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comparing the contacts of mRNA in the bacterial and eukaryotic ribosomes, the most 
striking differences were found in the region 5’ of the decoding sites, with Rps26/eS26, 
for which there is no bacterial counterpart, comprising the main component of the 
divergent site (353). There is evidence that Rps26 is required to maintain the preference 
for the optimal Kozak sequence in yeast (318). In addition, structural data indicates that a 
well-conserved α-helix of Rps26/eS26 contacts the mRNA backbone at the -3, -4, and -5 
nucleotides, opposite the -hairpin of Rps5/uS7 (Fig. 4.6.3 A-B) (195). As such, 
Rps26/eS26 is not likely to be involved in directly sensing nucleotide identity in this 
region. Rather, we hypothesized that Rps26/eS26 may play an important role in 
positioning mRNA to allow nucleotide recognition by some other component of the PIC 
(possibly eIF2 or Rps5/uS7). To date, no single residue or component has been 
identified, the elimination of which resulted in a complete loss of context recognition. It 
is possible that a base stacking interaction between the G903 of yeast 18S rRNA and the -
3 nucleotide could play such a pivotal role, but it is increasingly likely that context 
recognition is mediated through a combination of factors, or possibly by modulation of 
the shape of the mRNA channel itself. In this scenario, the preference for a purine at the -
3 position could be dictated by the size of the nucleotide base rather than its specific 
molecular contacts, and Rps26/eS26 could play an important role in restricting the size of 
the channel.  
 
Additionally, crosslinking studies have implicated well conserved residues of 
Rps26/eS26 in interactions with mRNA further upstream in the exit channel, at the -4 to -
9 nucleotides (Fig. 4.6.4 A-C) (353). The well conserved residues K66, Y68, and K70 
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were all seen to form crosslinks to this region (317). Recent cryo-EM structures of the 
ribosome that resolve mRNA nucleotides up to the -10 position indicate that the upstream 
interaction with Rps26 is likely to begin at the -10 nucleotide, which contacts Rps26-
K66, and extend further towards the mRNA 5’ end (111). It has been shown by our lab 
that substitutions of residues in ribosomal protein Rps3/uS3 that contact mRNA in the 
entry channel destabilize the closed PIC, producing the hyperaccuracy phenotypes of 
reduced UUG initiation in a Sui- mutant and decreased initiation at the poor-context AUG 
of SUI1 (eIF1) mRNA (119). This suggests a role for ribosomal proteins in the entry 
channel in stabilizing the closed state on start codon recognition through interactions with 
mRNA, possibly assisting the cessation of scanning. We hypothesized that, by its 
interactions with mRNA in the exit channel, Rps26/eS26 plays a role in stabilizing the 
closed state analogous to that of Rps3/uS3 in the entry channel. 
 
In this study, we have investigated the role of Rps26/eS26 in both context recognition 
and start codon selection in vivo. We find that substitutions of Rps26/eS26 residues K66, 
Y68, and K70 that contact mRNA upstream of the -10 nucleotide confer strong 
hyperaccuracy (Ssu-) phenotypes. These substitutions increase the stringency of AUG 
selection, decreasing initiation at UUG codons in the presence of the strong Sui- mutant 
eIF5-G31R (encoded by the SUI5 allele of TIF5). Mutations that destabilize the closed 
complex typically discriminate against not only near cognate start codons, but also AUG 
codons in poor sequence context, and we find that indeed, these substitutions result in 
decreased recognition of poor-context start codons. Thus, our data are consistent with the 
conclusion that these highly conserved residues of Rps26/eS26 that contact mRNA in the 
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exit channel are involved in stabilizing the closed PIC. Additionally, we report that 
substituting the residues of Rps26/eS26 near the -3 nucleotide, particularly H80, results in 
weak hypoaccuracy (Sui-) phenotypes. Frequently, mutations conferring Sui- phenotypes, 
relaxing the requirement for an AUG start codon, also relax the requirement for optimal 
context for AUG codons (200, 212-214, 302). However, our Rps26 substitutions have 
effects on context recognition that do not always follow this convention, apparently 
decoupling start codon selection and context recognition. Thus, our data demonstrate a 
novel and important role for Rps26/eS26 in accurate and efficient start codon recognition 
through stabilizing the closed PIC conformation, and further suggest a role in context 
recognition through a distinct mechanism. 
 
4.3 MATERIALS AND METHODS 
4.3.1 Plasmid and yeast strain constructions 
Yeast strains used in this study are listed in Table 4.6.1. The strain JVY05 was generated 
from H2994 (MATa ura3-52 trp1-63 leu2-3 leu2-112 his4-303(AUU)) by the one-step 
PCR strategy (354), using the hphMX6 cassette to replace RPS26B and selecting for 
resistance to hygromycin on rich medium containing galactose as a carbon source 
(YPGal). The PGAL1-RPS26A strain JVY09 was similarly generated from JVY05 by the 
one-step PCR strategy (354) to insert the PGAL1 promoter immediately upstream of the 
RPS26A ORF using the kanMX6 cassette and selecting for resistance to kanamycin on 
YPGal. Replacement of RPS26B with the hphMX6 cassette and integration of the 
kanMX::PGAL1 promoter cassette at RPS26A were verified by PCR analyses of genomic 
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DNA using the appropriate primers. JVY09 was shown to be inviable on glucose medium 
(where the GAL1 promoter is repressed) in a manner fully complemented by plasmid-
borne RPS26A on pJVB06 (Fig. 4.6.6). Derivatives of JVY09 harboring high copy LEU2 
plasmids containing WT (pJVB06) or mutant RPS26A alleles (pLMP5 – pLMP23), listed 
in Table 4.6.2, were generated by transformation on a rich galactose medium lacking 
leucine. Derivatives of JVY09 harboring low copy LEU2 plasmids containing WT 
(pJVB05) or mutant RPS26A alleles (pLMP75 – pLMP79) were generated similarly. 
 
Plasmids used in this study are listed in Table 4.6.2. The low-copy LEU2 plasmid 
pJVB05 was made by inserting into pRS315 (355) a 2.3 kb BamHI restriction fragment 
containing RPS26A flanked by 1120 bp upstream and 832 bp downstream of the coding 
sequences, amplified from genomic DNA of strain H2994. The insert from pJVB05 was 
sub-cloned into pRS425 (p1398) to create the high-copy LEU2 plasmid pJVB06. To 
create plasmids pLMP5 – pLMP23, mutations were introduced into RPS26A in pJVB06 
using the QuikChange site-directed mutagenesis system (Stratagene) according to the 
manufacturer’s instructions and using the primers listed in Table 4.6.3. pLMP75 – 
pLMP79 were generated in a similar manner by performing site-directed mutagenesis on 
pJVB05. All constructs were verified by DNA sequencing of the entire RPS26A ORF. 
 
4.3.2 Biochemical assays using yeast cell extracts 
Assays of -galactosidase activity in whole cell extracts (WCEs) were performed as 
described previously (356). The sequence context of the start codon for AUG and UUG 
HIS4-lacZ reporters is 5’-AUA(AUG/UUG)G-3’. For Western analyses, WCEs were 
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prepared by trichloroacetic acid (TCA) extraction as previously described (345) and 
immunoblot analysis was conducted as described in (210) with antibodies against 
eIF1/Sui1 and Hcr1(128). Enhanced chemiluminescence (Amersham) was used to 
visualize immune complexes, and signal intensities were quantified by densitometry 
using NIH ImageJ software.  
 
4.3.3 Polysome profile analysis 
For polysome analysis, strains were grown in SD + His + Ura + Trp at 30° C to A600 of 
0.8 – 1.0. Cyclohexamide was added (50 g/ml) 5 min prior to harvesting, and WCEs 
were prepared in breaking buffer (20 mM Tris-HCL, pH 7.5, 50 mM KCl, 10 mM 
MgCl2, 1 mM dithiothreitol, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 
Complete EDTA-free Protease Inhibitor Tablet (Roche)/ 50 ml buffer). Fifteen A260 units 
of each WCE were separated by velocity sedimentation through a 4.5-45% sucrose 
gradient by centrifugation at 39,000 rpm for 3 hours in an SW41Ti rotor (Beckman). 
Gradient fractions were scanned at 254 nm to visualize ribosomal species. 
 
4.4 RESULTS 
4.4.1 Structural analysis of Rps26/eS26 contacts with mRNA  
Crosslinking evidence indicates that a region of Rps26/eS26 consisting of 
residues 61 – 70 contacts the mRNA upstream from the AUG codon, in the exit channel 
(261, 265, 317, 353). This region of Rps26 contains five residues that are highly 
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conserved throughout eukaryotes (Fig. 4.6.4 A). Notably, a positive charge at position 66 
(usually a lysine), a tyrosine at position 68, and a lysine at position 70 are completely 
conserved, identifying these residues as strong candidates for interaction with the mRNA. 
Available crystal structures did not resolve the mRNA in this region (a structure of a 
partial mammalian 48S PIC (pm48S) containing mRNA, tRNAi, and eIF1A resolves 
mRNA only to the -6 nucleotide (195)), but a more recent partial yeast 48S PIC in the 
closed conformation (py48S-closed) assembled with TC, eIF1, eIF1A, and mRNA 
visualized via cryo-EM, resolves mRNA to the -10 nucleotide and indicates that this 
region of Rps26/eS26 is likely to contact the mRNA from the -10 to -12 nucleotides (Fig. 
4.6.4 B-C) (111). One contact between the Rps26/eS26 K66 and the -10 nucleotide can 
be seen in this latter structure. Conserved basic residues in Rps3/uS3 in the entry channel 
were found to be important for the stability of the closed PIC (119). Thus, we 
hypothesized that Rps26/eS26 contacts with mRNA in this upstream region would impact 
start codon selection. 
 
Analysis of the pm48S structure reveals that residues 73 – 81 of Rps26/eS26 form 
an -helix that lies near the mRNA upstream of the decoding sites in the vicinity of the 
important -3, -4, and -5 context nucleotides (Fig. 4.6.3 A) (195). This helix is well 
conserved in evolution, and a histidine at Rps26/eS26 position 80, the only residue to 
directly contact the -3 nucleotide, is conserved throughout eukaryotes, as well as a 
positively charged residue at position 82 (K in yeast) (Fig. 4.6.3 B). Our detailed analysis 
of these structures revealed multiple contacts between this helix and mRNA. Rps26-
His80 sits between the -3 and -4 nucleotides and forms multiple close (< 3 Å) contacts 
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with the mRNA backbone. A serine at position 81 (alanine in S. cerevisiae) occupies a 
similar position between the -4 and -5 nucleotides. Together, these two residues appear to 
form a three-dimensional platform for the mRNA backbone that could potentially hold it 
in position for optimal interactions with PIC components on the face of the mRNA 
containing the nucleotide bases (Fig. 4.6.5 A). Analysis of the cryo-EM structure of a 
yeast partial 48S PIC containing TC, eIF1, eIF1A, eIF3, and mRNA in the closed state 
(py48S-closed)  reveals similar contacts (Fig. 4.6.5 B) (111). 
 
In addition to its interactions with the mRNA, the Rps26/eS26 -helix described 
above also contacts rRNA nucleotides in helix 28 (h28). Helix 28 forms a “neck” 
between the head and body of the 40S subunit, and is compressed in the closed state, but 
relaxed in the open PIC (111). Mutations altering the A928:U1389 base pair or the bulge 
G926 in this helix confer Gcd- phenotypes that are suppressed by overexpression of 
tRNAiMet, indicating that they are important for the rate or stability of TC binding to the 
PIC (197). h28 is involved in head rotation during the transition of the PIC from the open 
to closed state upon start codon recognition, and a change in the pitch of h28, along with 
changes in the orientation of eIF2, drives the closure of the mRNA entry channel latch  
and helps to arrest scanning (111). It is therefore possible that contacts between 
Rps26/eS26 and h28 might modulate the rigidity of that helix, impacting start codon 
selection. A lysine at position 82 in Rps26/eS26, just outside of the -helix, contacts both 
the mRNA and rRNA helix 28. This positively charged residue, conserved in higher 
eukaryotes, lies between the mRNA and helix 28, contacting the -5 context nucleotide 
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(Fig. 4.6.5 C). We hypothesized that this residue could play a role in context recognition 
and modulate helix 28 rigidity. 
 
In addition to its -helix, a loop of Rps26/eS26 also contacts the mRNA at the 
important context nucleotides near the start codon. Residue N25 in this loop contacts the 
-4 and -5 nucleotides, making contacts with atoms of both the mRNA backbone and the -
4 nucleotide (Fig. 4.6.5 A-B). This position might allow N25 to sample nucleotide 
identity in addition to aiding H80 and other -helix residues in positioning mRNA. 
 
These contacts of the Rps26/eS26 -helix, K82, and N25 with mRNA near the -3 
context nucleotide are corroborated by the more recent py48S-closed structure (Fig. 4.6.5 
B) (111). This structure also supports our interpretation of the role of Rps26-H80, which 
is seen to contact the mRNA backbone between the -3 and -4 nucleotides in a very 
similar position to that seen in the pm48S PIC. While a serine at position 81 is well 
conserved throughout higher eukaryotes, the yeast Rps26/eS26 contains an alanine at this 
position, which assumes a slightly different position from that of the mammalian 
structure. It is therefore possible that H80 alone fulfills this function in yeast, while 
higher eukaryotes have evolved a longer platform for mRNA positioning in this region. 
 
4.4.2 Substitutions in Rps26/eS26 residues that contact mRNA in the exit channel 
increase discrimination against near-cognate UUG codons in vivo 
Residues 60 - 71 in the -sheet region of Rps26/eS26 were implicated in 
crosslinking to mRNA at the -6 to -10 nucleotides (317). The recent py48S-closed 
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structure that resolves mRNA structure to the -10 nucleotide indicates a possible 
interaction between the -10 position and Rps26-K66 (111). Based on this structure, 
interactions between Rps26/eS26 and bases further upstream appear likely (Fig. 4.6.4 C). 
To investigate this possible interaction, we generated yeast strains containing Rps26/eS26 
variants substituted for the conserved residues K66, Y68, and K70. Each residue was 
substituted with Ala, to shorten the side chain, or Glu, to introduce a negative charge. 
RPS26A alleles encoding these variants on hc plasmids were introduced into a strain 
(JVY09) in which RPS26B was deleted and chromosomal RPS26A was placed under the 
inducible galactose promoter, PGAL1 (Fig. 4.6.6 A). We demonstrated that neither RPS26B 
deletion nor replacing the native RPS26A promotor with PGAL1 alters the ability of the 
strain to grow on galactose medium compared to the WT parent strain (H2994) (Fig. 
4.6.6 B, sectors 2 and 4 compared to sector 1). Because expression of PGAL1-RPS26A in 
strain JVY09 is repressed by glucose, no WT Rps26/eS26 can be produced when cells are 
grown on glucose-containing medium, rendering JVY09 cells inviable (Fig. 4.6.6 B, 
sector 9). The introduction of WT RPS26A on a plasmid restores Rps26 expression on 
glucose medium, complementing the lethal phenotype (Fig. 4.6.6 B, sector 10).  
 
JVY09 was transformed with high copy plasmids containing each RPS26A allele 
and mutant phenotypes were scored following a switch from galactose to glucose 
medium (SD +Ura +His), where PGAL1-RPS26 expression is repressed. These strains 
contain a his4-303 allele in which the AUG start codon of HIS4 has been mutated to 
AUU, preventing initiation at the canonical start codon and conferring histidine 
auxotrophy. The resulting His- phenotype (Fig. 4.6.7, row ii) is suppressed by Sui- 
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mutations, which decrease the stringency of start codon selection, allowing initiation at 
the third, in-frame UUG codon, restoring expression of the gene product of HIS4 and 
allowing histidine biosynthesis (Fig. 4.6.7, row iii). This Sui-/His+ phenotype was 
observed in JVY09 on introduction of the known dominant SUI5 allele of TIF5, encoding 
eIF5-G31R (235) (Fig. 4.6.9, row 2 vs. 1). A mutation that increases the stringency of 
start codon selection will suppress a His+, Sui- phenotype imparted by a mutation in 
another factor, preventing initiation at UUG and rendering a strain His- (Fig. 4.6.7, row 
iv).  
 
We found that substitutions of the Rps26/eS26 residues of interest produced Slg- 
phenotypes, particularly those that introduce a charge switch (K66E and K70E) (Fig. 
4.6.8, left panel, rows 6 and 9 compared to row 1). They did not suppress the His- 
phenotype of his4-303 however (Fig. 4.6.8, right panel), indicating that none of them 
confer obvious Sui- phenotypes. We next tested the mutant alleles for the ability to 
suppress the elevated UUG initiation at his4-303 and attendant His+ phenotype, as well as 
the Slg- phenotype on medium containing histidine, conferred by the dominant Sui- 
mutation SUI5 (Fig. 4.6.9, row 2 vs. row 1). We found that substitutions in this region, 
particularly those with acidic side chains, suppressed both the His+ and Slg- phenotypes 
of SUI5. In the presence of SUI5, K66E and Y68A eliminated both the His+ and Slg- 
phenotypes (Fig. 4.6.9, rows 5 and 6), and K70E significantly diminished growth on 
medium lacking histidine (Fig. 4.6.9, row 8). Thus, it appears that these mutations impair 
recognition of the UUG start codon of his4-303 mRNA, conferring an Ssu- phenotype. 
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Mutations that increase the stringency of start codon selection typically also 
suppress the elevated UUG:AUG initiation ratio, measured using paired HIS4-lacZ 
reporters with either an AUG or a UUG start codon, which is increased by ~5-fold over 
WT in the strain harboring SUI5 and WT RPS26A (Fig. 4.6.10, cols. 1-2). We found that 
all three of the rps26 substitutions that suppressed the His+ phenotype of SUI5 also 
significantly reduced the HIS4-lacZ UUG:AUG ratio. K66E, Y68A, and K70E each 
approximately halved the UUG:AUG ratio in the presence of SUI5, reducing initiation at 
UUG codons from 18% observed with WT RPS26A to 8%, 10%, and 9%, respectively 
(Fig. 4.6.10, rows 3-5 vs. 1). These results indicate that substitutions of residues in the 
Rps26/eS26 -sheet region restore discrimination against near-cognate UUG codons in 
the presence of SUI5, increasing the fidelity of start codon selection. 
 
4.4.3 Substitutions in Rps26/eS26 residues that contact the mRNA in the exit 
channel discriminate against initiation codons in suboptimal sequence context 
 Other Ssu- mutations have been found to discriminate against poor-context AUG 
codons to a degree that parallels their discrimination against non-AUG start codons 
(314). We therefore asked whether substitutions in the -sheet region of Rps26/eS26, 
which display strong Ssu- phenotypes in vivo, also discriminate against AUG codons in 
suboptimal context. To investigate this possibility, we tested whether the substitutions 
reduce recognition of the AUG codon of a uORF, and thereby increase expression of the 
downstream ORF encoded on the same mRNA, by the process of leaky scanning. For this 
purpose, we employed GCN4-lacZ reporters in which GCN4 uORF1 is elongated to 
overlap the GCN4 CDS start codon (el.uORF1) and the WT optimal context of the AUG 
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codon of uORF1 (-3AAA-1) has either been maintained or mutated to weak (-3UAA-1) or 
poor (-3UUU-1) context (Fig. 4.6.11 A). With optimal context at el.uORF1, virtually all 
scanning ribosomes recognize the uORF1 AUG and subsequent reinitiation at the GCN4 
ORF following el.uORF1 is very rare, resulting in extremely low GCN4-lacZ expression 
(Grant, 1994). Replacing the WT context with weak context at uAUG-1, by introducing a 
U at the -3 position, increases leaky scanning of el.uORF1 and elevates GCN4-lacZ 
expression by ~6 fold. When the optimal context is instead replaced with the poor, poly-
(U) context, leaky scanning is further elevated and an ~30 fold increase in GCN4-lacZ 
expression is observed (Fig. 4.6.11 B). To estimate the maximum possible initiation at 
the GCN4 ORF, we also measured expression of a construct in which uAUG-1 was 
eliminated entirely, resulting in an ~100-fold increase in GCN4-lacZ expression. Based 
on these results, we were able to calculate the percentage of scanning ribosomes that 
initiate at el.uORF1 (Fig. 4.6.11 C), and the percentage that bypass (leaky scan) the 
upstream ORF to initiate at the GCN4 ORF (Fig. 4.6.11 D). In WT cells, the percentages 
of scanning ribosomes that reach the GCN4 AUG and translate GCN4-lacZ are ~1%, 
~6%, and ~30% for optimum, weak, and poor contexts, respectively (Fig. 4.6.11 D). 
Therefore, ~99%, ~94%, and ~70% of scanning ribosomes recognize uAUG-1 in 
optimum, weak, and poor contexts, respectively (Fig. 4.6.11 C). Note that although 
GCN4-lacZ expression increases ~30 fold with poor context at el.uORF1, this represents 
only an ~30% reduction in recognition of uAUG-1, since virtually no leaky scanning 
(~1%) occurs when uAUG-1 is in optimum context. Note also that the small difference in 
deduced uORF1 translation between weak and optimum context of ~94% and ~99% (Fig. 
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4.6.11 C) is meaningful because it is based on the highly significant differences in GCN4-
lacZ expression for these two constructs (Fig. 4.6.11 B). 
 
Assaying expression of these el.uORF1-GCN4-lacZ reporters revealed that the 
Ssu- substitutions in Rps26/eS26 moderately decrease initiation at uAUG-1 in weak and 
poor contexts. All of the mutants increased leaky scanning of uAUG-1, seen as an 
increase of GCN4-lacZ expression (Fig. 4.6.12, red and green bars for mutants versus 
WT, Table 4.6.4). The strongest effect was seen for the K70E substitution, which 
displayed deduced levels of ~72% and ~40% initiation at the el.uORF1 in weak or poor 
context, respectively, compared to the corresponding values of ~94% and ~70% for WT 
ribosomes (Fig. 4.6.12 C, red and green bars, col. 5 vs. col. 1; Table 4.6.4 C, column 5 vs. 
1). These results are consistent with an increase in the stringency of the requirement for 
optimal start codon context, which often accompanies the increased stringency of start 
codon selection seen for these mutants. 
 
 We next tested whether substitution of Rps26/eS26 residues in the -sheet 
resulted in lowered eIF1 levels. Substitutions that discriminate against AUG codons in 
poor context also decrease eIF1 levels, since the AUG of the SUI1 gene is itself in 
suboptimal context. We found that all of the Rps26/eS26 Ssu- mutants decreased eIF1 
levels to between 65% and 22% of that of WT cells, with stronger effects resulting from 
the introduction of an acidic residue (Fig. 4.6.13). Thus, it appears that removing a 
positive charge (K66 or K70) or a bulky side chain (Y68), and especially introducing a 
negative charge in this region, disrupts the interaction of Rps26/eS26 with mRNA, 
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resulting in a more stringent requirement for optimal sequence context for AUG 
selection. This is consistent with the hypothesis that these substitutions destabilize the 
closed PIC, thus requiring greater stabilization from a perfect codon:anticodon match or 
optimal context nucleotides for the ribosome to overcome this disruption and enter the 
closed state. 
 
4.4.4 Effects of Rps26/eS26 substitutions on ribosome biogenesis are not likely to 
cause the phenotypes seen 
In eukaryotes, the 40S and 60S ribosomal subunits are assembled from rRNAs 
and ribosomal proteins in the nucleus before being exported to the cytoplasm for final 
processing. A defect in 40S biogenesis results in an excess of 60S subunits that are 
unable to form 80S complexes due to a lack of available 40S subunits, lowering the 
40S:60S ratio, as seen in mutations of the conserved 40S ribosome biogenesis factor, 
Ltv1 (357). In addition, general translation is impaired when 40S subunits are not readily 
available, resulting in a decrease in polysomes (elongating ribosomes). Because 
mutations in ribosomal proteins have the potential to disrupt ribosome biogenesis, we 
tested whether these substitutions affected the ratio of 40S to 60S subunits. Plasmids 
bearing WT or mutant RPS26A were introduced into JVY09 and the resulting strains 
were grown to log phase in media containing glucose. Whole cell extracts obtained from 
these strains were submitted to ultracentrifugation through a sucrose gradient (4.5% – 
45%). Velocity sedimentation in this manner paired with UV spectroscopy allows the 
resolution of cell extracts into the following peaks: light fractions, free 40S subunits, free 
60S subunits, 80S complexes, and polysomes.  
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We found that Rps26A-K66E displayed a similar free 40S:60S ratio relative to 
cells containing WT RPS26A on a high copy plasmid (Fig. 4.6.14 A). However, we 
found that introduction of the WT hc plasmid produced a low 40S:60S ratio compared to 
the parent strain (Fig. 4.6.14 B, iii vs. i), which was not observed for WT Rps26/eS26 on 
a lc plasmid (Fig. 4.6.14 B, ii vs. iii). Hence, we generated the mutants K66E, Y68A, and 
K70E in a lc plasmid and introduced them into the same parent strain. In the presence of 
his4-303, low copy plasmids containing K66E and Y68A suppressed the Slg- and His+ 
phenotypes of SUI5, and K70E suppressed the His+ phenotype, similar to our 
observations of these mutants in the high copy plasmid (Fig. 4.6.15, rows 4, 5, and 7 vs. 
2). In polysome profiles, we found that these substitutions reduced the free 40S:60S ratio 
compared to lc WT RPS26A (Fig. 4.6.15, ii – iv vs. i). The decrease in 40S:60S ratio is 
comparable to, although greater than that seen for the WT hc plasmid (Fig. 4.6.14 B iii 
vs. Fig. 4.6.15 ii – iv). Thus, it is likely that both these substitutions and the WT hc 
plasmid result in a 40S biogenesis defect. We cannot rule out that a possible 40S 
biogenesis defect could affect the phenotypes demonstrated above. However, we note 
that the hc WT Rps26/eS26 plasmid does not confer a detectable Sui- phenotype (Fig. 
4.6.8, row 1 vs. row 4; Fig. 4.6.17, row 1) or Ssu- phenotype (Fig. 4.6.9, row 2; Fig. 
4.6.20, row 2) despite its affect on free 40S:60S ratio. We also observed an effect on the 
polysome:monosome ratio for all three mutants, indicating the possibility of a general 
defect in translation initiation. 
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4.4.5 Substitutions in Rps26/eS26 residues that contact the -3, -4, and -5 context 
nucleotides impair start codon selection 
In order to examine the role of contacts between Rps26/eS26 and mRNA context 
nucleotides in start codon selection, we introduced substitutions into Rps26/eS26 residue 
N25 and residues in the -helix (I79, H80, and A81) that contact the -3, -4, and -5 
nucleotides, as well as residue K82 that contacts the -6 nucleotide and h28 of the 18S 
rRNA (Figs. 4.6.3 and 4.6.5). These residues were generally substituted with Ala to 
shorten the side-chain, or with basic or acidic residues to introduce or alter side-chain 
charge. RPS26A alleles encoding these variants were introduced on hc plasmids into the 
strain described above (JVY09) in which RPS26B was deleted and chromosomal RPS26A 
was placed under the inducible galactose promoter (PGAL1) (Fig. 4.6.6 A). Despite strong 
sequence conservation, substitution of residues in the -helix of Rps26/eS26 generally 
did not affect yeast growth, although the charge switch for variant H80E resulted in a 
slow growth phenotype (Fig. 4.6.17 A, row 6 vs. 1). While R82E and R82Q did not 
confer significant growth phenotypes (Fig. 4.6.17 A, rows 13 – 14 vs. 1), the R82A 
substitution was lethal (not shown), suggesting that a bulky residue, rather than a specific 
charge, may be required at position 82. The substitution I79D was also lethal (not 
shown). In the py48S-closed structure, the sidechain of I79 is oriented inward toward the 
center of the -helix, suggesting that inserting a negative charge in this position 
destabilizes the helix (111).  
 
None of the introduced Rps26/eS26 substitutions was found to suppress the His- 
phenotype of his4-303 (Fig. 4.6.17 B, rows 5 - 14), indicating that they do not confer 
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obvious Sui- phenotypes. However, a known Sui- allele of SUI3, encoding eIF2-S264Y 
(SUI3-2), also did not suppress the His- phenotype in JVY09 (Fig. 4.6.17 B, row 3; Fig. 
4.6.17, sector 2). Because of this last observation, we screened for synthetic His+ 
phenotypes for the Rps26/eS26 variants in the presence of SUI3-2. We found that 
Rps26/eS26 variants H80A, N25A/H80A, N25D, R82E, R82Q, and H80E all produced 
synthetic His+ phenotypes to different degrees, suggesting that these variants confer a 
range of weak Sui- phenotypes (Fig. 4.6.18, sectors 3 - 8). Of the single mutations tested, 
H80E produced the strongest synthetic His+ phenotype (Fig. 4.6.18, sector 8), while the 
double mutation N25A/H80A conferred the strongest His+ phenotype overall (Fig. 4.6.18, 
sector 4).  
 
The inability of these Rps26/eS26 substitutions to confer a His+ phenotype on 
their own suggests that they do not elevate the UUG:AUG ratio sufficiently to produce 
enough his4-303 product for adequate histidine biosynthesis (358). This has been seen 
previously for the eIF1 mutation sui1-K37A and Rps5/uS7 substitutions E144R and 
R225K, which were shown to elevate UUG initiation moderately without suppressing the 
His- phenotype of his4-303 (213, 314). In order to explore this possibility, we assayed the 
expression of the matched HIS4-lacZ reporters containing either an AUG or UUG start 
codon. Moderate increases in the UUG:AUG initiation ratio were seen for seven of the 
Rps26 variants, including H80E (3.4-fold), A81E (2.8-fold), R82Q (2.1-fold), R82E (1.9-
fold), H80A (1.8-fold), N25D (1.7-fold), and I79K (1.6-fold) (Fig. 4.6.19). Surprisingly, 
the double substitution N25A/H80A, displayed a significantly lower UUG:AUG ratio than 
that of WT RPS26A (0.7-fold), which is discussed further below. Previous findings 
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suggest that a His+ phenotype in a his4-303 strain is associated with an increase in the 
UUG:AUG initiation ratio of > 3.5-fold (213). Thus, the moderate increases in the 
UUG:AUG ratios and lack of His+ phenotypes is consistent with the idea that most 
substitutions in the -helix region result in weak Sui- phenotypes, suggesting a limited 
role for this segment of Rps26/eS26 in stringent AUG selection.  
 
 
4.4.6 N25A/H80A and A81D increase the stringency of start codon selection 
As discussed above, the Rps26-N25A/H80A variant conferred a synthetic His+ 
phenotype in the presence of SUI3-2 in a his4-303 strain, indicative of a weak Sui- 
phenotype, but reduced rather than increased the UUG:AUG ratio in otherwise WT cells. 
Previously, it was observed that certain eIF5 substitutions confer a Sui- phenotype in 
otherwise WT cells, but are able to suppress the Sui- phenotype conferred by the SUI5 
mutation in eIF5 (236). Although the molecular basis for this complex genetic interaction 
is unknown, it prompted us to determine whether the N25A/H80A variant is capable of 
suppressing SUI5. Interestingly, both N25A/H80A and A81D suppress the His+ 
phenotype of SUI5 and N25A/H80A additionally suppresses the Slg- phenotype conferred 
by SUI5 (Fig. 4.6.20, rows 6 and 8). None of the other Rps26/eS26 substitutions in this 
region affected growth in a SUI5 strain. Co-suppression of both Slg- and His+/Sui- 
phenotypes of SUI5 was described previously for Ssu- substitutions in eIF1 that restore 
initiation accuracy and reduce UUG initiation in SUI5 cells (214).  
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In summary, a group of substitutions in this region of Rps26/eS26, exemplified by 
the H80E variant, appear to moderately reduce the accuracy of start codon selection, 
increasing the UUG:AUG initiation ratio in otherwise WT cells and conferring a His+ 
phenotype in SUI3-2 cells. By contrast, the N25A/H80A variant appears to have the 
opposite effect on accuracy, reducing the UUG:AUG ratio in otherwise WT cells and 
suppressing the Sui- and Slg- phenotypes of SUI5. In future work, it will be interesting to 
determine whether the N25A/H80A mutation suppresses the elevated UUG:AUG 
initiation ratio conferred by SUI5. It is difficult to explain the synthetic His+ phenotype 
conferred by N25A/H80A in SUI3-2 cells. This variant appears to alter start codon 
selection by a complex mechanism that is influenced in opposite ways by different Sui- 
mutations in eIF5 versus eIF2. Further study of N25A/H80A may shed light on the 
differences between the mechanisms of eIF5-G31R and eIF2-S264Y as well as the role 
of Rps26/eS26 in context recognition. 
 
4.4.7 Substitutions in Rps26/eS26 residues near the -3 nucleotide have nuanced 
effects on context recognition 
Because residues of Rps26/eS26 in the -helix contact the mRNA at the 
important -3 nucleotide and upstream context nucleotides, we hypothesized that 
substitutions of these residues might influence the effect of context on selection of AUG 
start codons. Mutants that confer Sui- phenotypes often do so by destabilizing the open 
state of the PIC and favoring transition to the closed state, increasing the recognition of 
suboptimal start codons, whether near cognate (e.g., UUG) start codons or AUGs in poor 
context. For example, substitutions in eIF1 that reduce its interaction with eIF2 in the 
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open PIC, thus destabilizing eIF1 binding, not only increase UUG initiation but also 
increase initiation at GCN4 uAUG-1 in poor context (302). Thus, we anticipated that 
mutations in the -helix of Rps26/eS26 that confer weak Sui- phenotypes might decrease 
discrimination against weak and poor context to a modest degree. At odds with this 
expectation, however, these mutations resulted in decreased initiation at uAUG-1 in weak 
and poor context, suggesting increased, rather than relaxed discrimination against non-
optimal sequence context. I79K, H80A, H80E, and A81D, all of which conferred Sui- 
phenotypes of varying strength, displayed increased leaky scanning and attendant 
increased GCN4-lacZ expression in the el.-uORF1 reporters containing weak or poor 
context (Fig 4.6.21; Table 4.6.5, columns 2 – 4, 6, 7, and 9).  
 
These unanticipated results might point to a unique mechanism by which 
substitution of these residues perturbs context recognition. Because they are positioned 
near and, in some cases, in direct contact with the -3 nucleotide, it is possible that these 
residues alter context recognition in a manner unrelated to altered stability of the open or 
closed complex, and consequently, their effects on AUG context are decoupled from their 
reduced discrimination against non-AUG start codons. In general, these substitutions 
result in moderate effects on weak context. I79K, A81K, A81D, and R82E reduce the 
percentage of ribosomes initiating at el.uORF1 in weak context from ~94% in WT to 80 
– 87 % (Table 4.6.5 C, columns 2, 6, 7, and 9; row 2). The same substitutions confer 
relatively greater effects on the recognition of poor context, reducing initiation from 
~70% in WT to between ~30% and ~59% (Table 4.6.5 C, columns 2, 6, 7, and 9 vs. 1; 
row 3). Substitutions of Rps26/eS26 H80 resulted in larger increases in leaky scanning. 
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These mutants decrease initiation at uAUG-1 even in optimum context, indicating that 
they confer a general initiation defect, in addition to stronger discrimination against AUG 
codons in weak and poor context. For each reporter, the introduction of a negative charge 
at position 80 confers a stronger defect than merely removing the histidine side chain. At 
uAUG-1 in optimum context, H80A and H80E reduce the WT initiation rate of ~99% to 
~95% and ~90%, respectively (Table 4.6.5 C, columns 3 and 4; row 1). In weak context, 
they dramatically lower recognition of uAUG-1 from the WT ~94% to ~56% and ~36%, 
respectively (Table 4.6.5 C, columns 3 and 4; row 2), while their respective initiation 
rates at uAUG-1 in poor context are ~29% and ~14%, 2.4-fold and 5-fold reductions 
compared to 70% for WT ribosomes (Table 4.6.5 C, columns 3 and 4; row 3).  
 
We observed similar increases in leaky scanning at weak and poor contexts for 
the Ssu-mutants A81D and N25A/H80A. Although this result parallels the discrimination 
against near cognate codons seen in these mutants, we cannot rule out that they also 
discriminate against poor context through a unique mechanism as a result of their direct 
contacts with the context nucleotides. Indeed, they confer very similar context effects to 
those seen in the Sui- substitutions in this region. A81D results in ~98%, ~80%, and 
~42% initiation at uAUG-1 in optimum, weak, and poor contexts, respectively (Table 
4.6.5 C, column 7). N25A/H80A had a more pronounced effect, reducing initiation to 
~97%, ~64%, and ~20% in optimum, weak, and poor contexts, respectively (Table 4.6.5 
C, column 5). Only A81F was found to reduce the stringency of context recognition, 
increasing initiation at uAUG-1 to ~99%, ~98%, and ~89% in optimum, weak, and poor 
contexts, respectively (Table 4.6.5 C, column 8). Thus, we see that substitutions in the -
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helix of Rps26/eS26 have distinctive effects on context recognition that do not always 
correlate with their impacts on initiation at near cognate codons, suggesting that they may 




 In this study, we obtained genetic evidence implicating the 40S ribosomal protein 
Rps26/eS26 in ensuring efficient and accurate start codon recognition in vivo. In recent 
crystal and cryo-EM structures of the ribosome (111, 195), Rps26/eS26 approaches the 
key context nucleotide at the -3 position of mRNA, and projects into the mRNA exit 
channel in a manner predicted to contact the mRNA context upstream of the -10 
nucleotide. Evidence from our lab implicated Rps5/uS7, another ribosomal protein in the 
mRNA exit channel, in altering start codon recognition through its interactions with 
eIF2, which also contacts the -3 nucleotide (109, 110, 314, 316).  
 
In the recent py48S-closed structure (111), mRNA in the exit channel was 
visualized to the -10 nucleotide, which contacts Rps26/eS26 residue K66. We infer from 
this structure that other well conserved, basic residues in Rps26/eS26 implicated in cross-
linking to mRNA (Y68, K70) lie in proximity to nucleotides upstream of the -10 position. 
We found that substitutions of these residues suppress recognition of a UUG start codon 
in HIS4 mRNA resulting from a known strong Sui- variant of eIF5 (SUI5), thus 
conferring Ssu- phenotypes. Initiation at UUG codons was more dramatically suppressed 
when a basic residue was replaced with an acidic one (K66E, K70E). Substitutions of 
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K66, Y68, and K70 were also found to reduce expression of eIF1, indicating increased 
discrimination against the poor sequence context of the SUI1 start codon. Accordingly, 
K66E, Y68A, and K70E decrease initiation at the AUG codon of GCN4 uORF1 when it 
resides in poor context. Thus, substitutions of these residues increase discrimination 
against not only non-AUG start codons, but also AUG start codons in poor sequence 
context. 
 
 Hyperaccuracy phenotypes such as those seen for substitutions of K66, Y68, and 
K70 are typical of mutations that destabilize the closed PIC (212, 214, 316), indicating 
that residues in this region of Rps26/eS26 may play a role in stabilizing the closed state 
of the ribosome following AUG recognition. This phenomenon has also been seen in 
basic residues of Rps3/uS3 that contact mRNA in the entry channel. Dong, et al. found 
that substitution of R116 or R117 of Rps3/uS3 to acidic residues suppressed utilization of 
UUG start codons and discriminated against the native, poor context of the eIF1 AUG 
start codon (119). These substitutions were also found to increase the dissociation rate of 
TC in vitro, supporting the conclusion that the observed Ssu- phenotypes result from 
destabilization of the PIN state, particularly in the presence of the inherently less stable 
codon:anticodon duplex formed at a UUG start codon. Further, Rps3-R116D and –
R117D were found to destabilize 48S PICs assembled on model mRNAs designed to 
leave the mRNA exit channel empty or only partially occupied (119). In vitro studies of 
TC binding kinetics and the dependence of complex stability on entry channel contacts in 
the presence of Rps26/eS26 mutants K66E, Y68A, and K70E in the future would be 
informative. We hypothesize that, like Rps3/uS3 in the entry channel, Rps26/eS26 may 
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function in the exit channel to stabilize mRNA binding in the closed state of the 
ribosome, aiding in the cessation of scanning following start codon selection.  
 
 Our genetic findings indicate that substitutions in the Rps26/eS26 -helix near the 
-3 nucleotide impact start codon selection and context recognition, suggesting this region 
plays a role in ensuring the accuracy of these processes. These findings are summarized 
in Fig. 4.6.21. The residues of this -helix that lie nearest to the mRNA appear to act as a 
platform, cradling the mRNA backbone. Substitutions of H80, which lies between the -3 
and -4 nucleotides, to Ala or Glu resulted in Sui- phenotypes, with stronger phenotypes 
resulting from the acidic side chain, while substitutions of A81, which lies between the -4 
and -5 nucleotides, to basic Arg or acidic Asp produced opposing phenotypes (Sui- for 
A81K, Ssu- for A81D). Substitution of R82 to Ala was lethal, while substitution with 
acidic side chains (Asp or Glu) produced Sui- phenotypes. Additionally, substitutions of 
N25 produce Sui- phenotypes while the double mutant N25A/H80A confers an Ssu- 
phenotype. If the effects of Rps26/eS26 mutants on start codon selection were the result 
of altered scanning speed, we would expect to see the introduction of a positive charge 
result in more interaction with the negatively charged mRNA, slowing scanning. 
Decreased scanning speed would result in longer dwell times over non-optimal start 
codons, allowing initiation at near cognate codons, thus conferring a Sui- phenotype. 
Introduced negative charges, which would repel the mRNA, would be expected to 
increase scanning speed and result in an Ssu- phenotype. However, this relationship is not 
seen. Rather, it appears that the effects of Rps26/eS26 residues in this region are nuanced 
and may be highly dependent on the shape of the mRNA exit channel. Additionally, 
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because these residues contact the mRNA backbone, they may function to position 
mRNA nucleotides for specific contacts on the nucleotide face, potentially with eIF2 or 
Rps5/uS7. Thus, it appears that Rps26, along with other components of the exit channel, 
creates a contoured platform for mRNA in order to maintain the optimum position for 
AUG recognition and stability of the codon:anticodon duplex. 
 
Mutations in the initiation factors and other components of the PIC that affect 
start codon selection typically have analogous effects on context recognition. For 
example, mutations in eIF1 that alter eIF1 binding to the 40S subunit produce strong Sui- 
phenotypes by causing premature eIF1 release, reducing discrimination against near 
cognate start sites such as UUG (213). For the same reason, these mutants also reduce 
discrimination against AUG codons in poor context, resulting in increased eIF1 levels 
(213). There have been many instances in which a Sui- phenotype coincides with 
increased recognition of poor context, while Ssu- mutations are commonly seen to 
coincide with increased discrimination against poor context (200, 302, 316). These 
concurrent phenotypes are typically presumed to result from the same mechanism (e.g., 
eIF1 release, open state destabilization, or altered scanning speeds). However, in the case 
of Rps26/eS26 mutants, this expected relationship is not seen. Instead, all but one mutant 
(A81F) result in increased discrimination against AUG codons in poor context, regardless 
of their effects on start codon recognition. Decoupling of start codon recognition from 
context recognition may be a result of the proximity of these residues to the -3, -4, and -5 
context nucleotides, allowing them to act on these two processes via different 
mechanisms. It is possible that contacts between mRNA and components of the exit 
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channel at the nucleotide face normally act to slow scanning to ensure appropriate start 
codon selection. Perturbations in Rps26/eS26 that disrupt such contacts may increase 
scanning speed, resulting in increased discrimination against poor context, while 
changing the shape of the exit channel, thus altering the stability of the codon:anticodon 
duplex to produce a Sui- phenotype. Substitutions in other ribosomal proteins of residues 
that contact mRNA have been observed to affect start codon recognition without 
affecting context recognition (119, 314). While the data presented here do not implicate 
the mechanism by which these substitutions alter the recognition of start sites or context, 
it is clear that this region of Rps26/eS26 plays an important and nuanced role in start 
codon selection. 
 
Extensive research into the contacts of initiation factors and ribosomal proteins 
that contact the mRNA at the -3 nucleotide has yet to conclusively implicate a single 
interaction in the recognition of this important context nucleotide (265, 314, 316). While 
some interactions remain to be explored (e.g., the basic C-terminal tails of Rps14/uS11 
and Rps28/eS28, a potential stacking interaction with the G903 nucleotide of the 18S 
rRNA), we suggest that a system of interactions that rely on the shape of the mRNA exit 
channel function together to ensure accurate context recognition. Our data regarding the 
nuanced roles of Rps26/eS26 residues in context recognition, decoupled from start codon 
selection, supports this hypothesis. In addition, we find that residues of Rps26/eS26 
contacting the mRNA at the -10 nucleotide and further upstream play an important role in 
stabilizing the closed PIC following AUG recognition. Thus, we describe novel and vital 
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roles for Rps26/eS26, a ribosomal protein in the mRNA exit channel in ensuring accurate 
start codon selection. 
 
 




Fig 1.  Identity and position of context nucleotides affects start codon choice. (A) Consensus 
sequences show optimal AUG context. Consensus sequences for mammals (Kozak context, above) and 
S. cerevisiae (below) are shown. Nucleotides are numbered beginning with the A of AUG (+1). Genetic 
experiments have corroborated these sequences as optimal start codon context and revealed that the most 
important determinants of good context in yeast are the presence of an A in the -3 position and a purine at 
+4. (B) Path of mRNA through the 40S ribosomal subunit. mRNA enters the 40S subunit through a 12 
nucleotide entry channel above the shoulder, threads around the neck of the small subunit through the A, 
P, and E sites, and exits through a 12 nucleotide exit channel above the platform.  As a result, when an 
AUG is in the P site, where it is decoded by initiator tRNA, the upstream context nucleotides -1 to -3 lie 




















Figure 4.6.1. Identity and position of context nucleotides affects start codon choice. 
(A) Consensus sequences show optimal AUG context. Consensus sequences for 
mammals (Kozak context, above) and S. cerevisiae (below) are shown. Nucleotides are 
numbered beginning with the A of AUG (+1). Genetic experiments have corroborated 
these sequences as optimal start codon context and revealed that the most important 
determinants of good context in yeast are the presence of an A in the -3 position and a 
purine at +4.  
(B) Path of mRNA through the 40S ribosomal subunit. mRNA enters the 40S subunit 
through a 12 nucleotide entry channel above the shoulder, threads around the neck of the 
small subunit through the A, P, and E sites, and exits through a 12 nucleotide exit channel 
above the platform.  As a result, when an AUG is in the P site, where it is decoded by 
initiator tRNA, the upstream context nucleotides -1 to -3 lie in the E site, and context 







Figure 4.6.2  Location of ribosomal proteins in the mRNA exit channel. 
Depiction of partial yeast 48S PIC (PDB 3J81) showing Rps5/uS7 (magenta), 
Rps14/uS11 (red), Rps26/eS26 (orange), and Rps28/eS28 (blue). For clarity, other 
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Fig 2. Location of ribosomal proteins in the mRNA exit channel. Depiction of partial yeast 48S PIC
(PDB 3J81) showing Rps5/uS7 (magenta), Rps14/uS11 (red), Rps26/eS26 (orange), and Rps28/eS28





Fig 3. Residues of Rps26/eS26 a-helix contacting mRNA are well conserved. (A) Depiction of partial
yeast 48S PIC (PDB 3JAP) showing Rps26/eS26 (orange) and mRNA (black). Residues that contact
mRNA are shown in sticks and colored blue. For clarity, other ribosomal proteins and rRNA are not
shown. (B) Alignment of Rps26/eS26 sequences from diverse eukaryotes and archaea. Residues
conserved in all kingdoms are marked in blue; residues conserved only in eukaryotes are in red. More
intense color corresponds to a higher extent of conservation. Modified from Sharifulin, et al., 2012 under











Figure 4.6.3.  Residues of Rps26/eS26 α-helix contacting mRNA are well conserved. 
(A) Depiction of partial yeast 48S PIC (PDB 3JAP) showing Rps26/eS26 (orange) and 
mRNA (black). Residues that contact mRNA are shown in sticks and colored blue. For 
clarity, other ribosomal proteins and rRNA are not shown.  
(B) Alignment of Rps26/eS26 sequences from diverse eukaryotes and archaea. Residues 
conserved in all kingdoms are marked in blue; residues conserved only in eukaryotes are 
in red. More intense color corresponds to a higher extent of conservation. Modified from 















Fig 4. Contacts of Rps26/eS26 with mRNA in the exit channel. (A) Alignment of Rps26/eS26
sequences from diverse eukaryotes and archaea. Residues conserved in all kingdoms are marked in blue;
residues conserved only in eukaryotes are in red. The region implicated in crosslinking is boxed in purple.
Modified from Sharifulin, et al., 2012 under Creative Commons CC BY-NC 3.0. (B) Depiction of rabbit
ribosome (PDB 4KZZ)showing Rps26/eS26 in orange and mRNA in blue. Residues to be modified are
shown as sticks and colored red. (C) Depiction of partial yeast 48S PIC (PDB 3JAP) showing










Figure 4.6.4.  Contacts of Rps26/eS26 with mRNA in the exit channel.   
(A) Alignment of Rps26/eS26 sequences from diverse eukaryotes and archaea. Residues 
conserved in all kingdoms are marked in blue; residues conserved only in eukaryotes are 
in red. The region implicated in crosslinking is boxed in purple. Modified from 
Sharifulin, et al., 2012 under Creative Commons CC BY-NC 3.0.  
(B) Depiction of rabbit ribosome (PDB 4KZZ)showing Rps26/eS26 in orange and 
mRNA in blue. Residues to be modified are shown as sticks and colored red. (C) 
Depiction of partial yeast 48S PIC (PDB 3JAP) showing Rps26/eS26 in orange and 



































Figure 4.6.5. Rps26/eS26 residues contact mRNA upstream of the start codon. 
(A) Depiction of rabbit ribosome (PDB 4KZZ) with Rps26/eS26 in green, residues to be 
modified shown in spheres and colored red, mRNA in yellow, and 18S rRNA in grey. 
Nucleotides of the rRNA that contact mRNA in the exit channel are colored in magenta. 
The depiction shows the possible role of Rps26/eS26 in acting as a platform to position 
the -3, -4, and -5 mRNA context nucleotides.  
(B) Depiction of partial yeast 48S PIC (PDB 3JAP) showing Rps26/eS26 in orange and 
mRNA in blue. Residues in Rps26/eS26 to be modified are shown as spheres.  
(C) Depiction of rabbit ribosome (PDB 4KZZ) with Rps26/eS26 in green, mRNA in 
yellow, and 18S rRNA in grey. Nucleotides of the rRNA that contact mRNA in the exit 
channel are colored in magenta. Rps26/eS26 residue K82 is shown in spheres to illustrate 






SGal -Leu SC -Leu
Fig 6. Introduction of RPS26A rescues growth of galactose inducible RPS26 strain on glucose. (A)
Depiction of strain JVY09, in which RPS26B is deleted and RPS26A is placed under the inducible
galactose promoter (PGAL1). RPS26A variants were introduced into this strain by transformation on either
high copy or low copy LEU2 vectors. When grown on glucose medium, the chromosomal RPS26A gene
is not expressed. (B) Yeast cells from the parent strain H2994 containing a high copy LEU2 vector
(pRS425) (RPS26A RPS26B/v), JVY05 containing pRS425 (RPS26BD/v), JVY05 containing RPS26A
on a high-copy LEU2 plasmid (pJVB06) (rps26BD/p[RPS26A]), JVY09 containing pRS425 (RPS26BD
pGAL-RPS26A/v), and JVY09 transformed with a high copy RPS26A LEU2 plasmid (pJVB06)
(RPS26BD pGAL-RPS26A/p[RPS26A]) were streaked on synthetic complete galactose (SGal -Leu) or
glucose (SC -Leu) media and grown at 30º C for 2 and 3 days, respectively. It can be seen that deletion
of RPS26B does not significantly hamper growth, nor does the introduction of p[RPS26A]. Placing
RPS26A under the PGAL1 promoter in a strain deleted for RPS26B prevents growth on glucose medium,















Figure 4.6.6. Introduction of RPS26A rescues growth of galactose inducible RPS26 
strain on glucose.   
(A) Depiction of strain JVY09, in which RPS26B is deleted and RPS26A is placed under 
the inducible galactose promoter (PGAL1). RPS26A variants were introduced into this 
strain by transformation on either high copy or low copy LEU2 vectors. When grown on 
glucose medium, the chromosomal RPS26A gene is not expressed.  
(B) Yeast cells from the parent strain H2994 containing a high copy LEU2 vector 
(pRS425) (RPS26A RPS26B/v), JVY05 containing pRS425 (RPS26BD/v), JVY05 
containing RPS26A on a high-copy LEU2 plasmid (pJVB06) (rps26BD/p[RPS26A]), 
JVY09 containing pRS425 (RPS26BD pGAL-RPS26A/v), and JVY09 transformed with a 
high copy RPS26A LEU2 plasmid (pJVB06) (RPS26BD pGAL-RPS26A/p[RPS26A]) 
were streaked on synthetic complete galactose (SGal -Leu) or glucose (SC -Leu) media 
and grown at 30º C for 2 and 3 days, respectively. It can be seen that deletion of RPS26B 
does not significantly hamper growth, nor does the introduction of p[RPS26A]. Placing 
RPS26A under the PGAL1 promoter in a strain deleted for RPS26B prevents growth on 
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Fig 7. Strains containing his4-301 used to assay initiation fidelity. Depiction of the WT HIS4 gene
and his4-301, in which the AUG start codon has been mutated to ACG. (i) Strains containing WT HIS4
can produce histidine and have a His+ phenotype. (ii) Otherwise WT strains containing his4-301 are not
able to produce HIS4 and are unable to grow on media lacking histidine. (iii) The introduction of a Sui-
mutation in an initiation factor decreases the fidelity of start codon selection, allowing initiation at a
downstream UUG, producing a His+ phenotype. Growth is seen on media lacking histidine, and when
assaying paired HIS4-lacZ reporters (below), the UUG:AUG ratio is increased. (iv) An Ssu- mutation
suppresses the Sui- phenotype of a mutation in another factor, abolishing the ability to initiate at UUG
downstream and restoring the His- phenotype of his4-301. There is a suppression of growth on –His








Figure 4.6.7. Strains containing his4-303 used to assay initiation fidelity.   
Depiction of the WT HIS4 gene and his4-303, in which the AUG start codon has been 
mutated to AUU. (i) Strains containing WT HIS4 can produce histidine and have a His+ 
phenotype. (ii) Otherwise WT strains containing his4-303 are not able to produce HIS4 
and are unable to grow on media lacking histidine. (iii) The introduction of a Sui- 
mutation in an initiation factor decreases the fidelity of start codon selection, allowing 
initiation at a downstream UUG, producing a His+ phenotype. Growth is seen on media 
lacking histidine, and when assaying paired HIS4-lacZ reporters (below), the UUG:AUG 
ratio is increased. (iv) An Ssu- mutation suppresses the Sui- phenotype of a mutation in 
another factor, abolishing the ability to initiate at UUG downstream and restoring the His- 
phenotype of his4-303. There is a suppression of growth on –His media, and a decrease 







Figure 4.6.8. Rps26/eS26 variants that contact the mRNA at the -10 nucleotide and 
further upstream cause growth defects.   
Ten-fold serial dilutions of PGAL1-RPS26 his4-303 strain (JVY09) transformed with the 
indicated plasmid-born wild type (WT) or mutant RPS26 alleles, empty vector (B701), 
SUI3-2 (B4280), or SUI5 (B4281) were spotted on SD + His +Ura (+His) or SD + Ura + 











+ His - His
Fig 8. Rps26/eS26 variants that contact the mRNA at the -10 nucleotide and further upstream
cause growth defects. Ten-fold serial dilutions of PGAL1-RPS26 his4-301 strain (JVY09) transformed
with the indicated plasmid-born wild type (WT) or mutant RPS26A alleles, empty vector (B701), SUI3-2
(B4280), or SUI5 (B4281) were spotted on SD + His +Ura (+His) or SD + Ura + 0.1% His (-His) and














Figure 4.6.9. Rps26/eS26 variants at positions 66, 68, and 70 confer Ssu- phenotypes.   
Ten-fold serial dilutions of derivatives of JVY09 containing either empty Trp vector 
(B701) or SUI5 (B4281) and the indicated RPS26A alleles on high copy LEU2 plasmids 
were spotted on SD + His +Ura (+ His) or SD + Ura + 0.1% His (- His) and incubated at 
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Fig 9. Rps26/eS26 variants at positions 66, 68, and 70 confer Ssu- phenotypes. Ten-fold serial
dilutions of derivatives of JVY09 containing either empty Trp vector (B701) or SUI5 (B4281) and the
indicated RPS26A alleles on high copy LEU2 plasmids were spotted on SD + His +Ura (+ His) or SD +




































Fig 10. Substitutions in Rps26/eS26 residues 66, 68, and 70 increase the stringency of initiation
fidelity in vivo. Derivatives of strain JVY09 containing the indicated RPS26A alleles, either Trp vector
(B701) or SUI5 (B4281), and HIS4-lacZ reporters with either an AUG or UUG start codon (above) on
plasmids p367 (B3989) and p391 (B3990), respectively, were cultured in synthetic complete medium
lacking leucine, uracil, and tryptophan (SC –L –U –W) at 30°C to A600 of ~0.8, and β-galactosidase
activities were measured as in Fig. 10. The ratio of expression of the UUG to AUG reporter was
calculated from at least four different measurements, and the mean and S.E.M.s were plotted. Asterisks
indicate significant differences between mutant and wild type, as determined by a two-tailed, unpaired
























Figure 4.6.10. Substitutions in Rps26/eS26 residues 66, 68, and 70 increase the 
stringency of initiation fidelity in vivo. 
Derivatives of strain JVY09 containing the indicated RPS26A alleles, either Trp vector 
(B701) or SUI5 (B4281), and HIS4-lacZ reporters with either an AUG or UUG start 
codon (above) on plasmids p367 (B3989) and p391 (B3990), respectively, were cultured 
in synthetic complete medium lacking leucine, uracil, and tryptophan (SC –L –U –W) at 
30°C to A600 of ~0.8, and β-galactosidase activities were measured as in Fig. 4.6.10. The 
ratio of expression of the UUG to AUG reporter was calculated from at least four 
different measurements, and the mean and S.E.M.s were plotted. Asterisks indicate 
significant differences between mutant and wild type, as determined by a two-tailed, 



























Optimum context: AAA AUG
Weak context: UAA AUG















































































































Fig 11. Expression and leaky scanning of GCN4-lacZ reporters. (A) Depiction of GCN4-lacZ
reporters for testing the effects of start codon sequence context on leaky scanning. uORF-1 of the GCN4
gene has been elongated to overlap the GCN4 CDS (el.uORF1), with the other uORFs removed, and
uAUG-1 is placed in either optimum (AAA), weak (UAA), or poor (UUU) context (left). An ORF-less
reporter in which the AUG of uORF1 is mutated is used to estimate maximum initiation (right). (B)
Derivatives of strain JVY09 containing the WT RPS26A (JVB06) and also harboring the GCN4-lacZ
reporters depicted in (A) (pC3502, pC3503, pC4466, or pC3505) were cultured in synthetic complete
medium lacking leucine and uracil (SC –L –U) at 30°C to A600 of ~0.8, and β-galactosidase activities
were measured as in Fig. 10. Mean expression and S.E.M.s were plotted. (C, D) The percentages of
scanning ribosomes that translate el.uORF1 (C) or leaky scan uAUG-1 and translate GCN4-lacZ (D) were
calculated from the data in (B) by normalizing the amount of GCN4-lacZ expression observed for each
uORF-containing reporter to the uORF-less construct, yielding the percentages in (D), and subtracting the






Figure 4.6.11. Expression and leaky scanning of GCN4-lacZ reporters.   
(A) Depiction of GCN4-lacZ reporters for testing the effects of start codon sequence 
context on leaky scanning. uORF-1 of the GCN4 gene has been elongated to overlap the 
GCN4 CDS (el.uORF1), with the other uORFs removed, and uAUG-1 is placed in either 
optimum (AAA), weak (UAA), or poor (UUU) context (left). An ORF-less reporter in 
which the AUG of uORF1 is mutated is used to estimate maximum initiation (right).  
(B) Derivatives of strain JVY09 containing the WT RPS26A (JVB06) and also harboring 
the GCN4-lacZ reporters depicted in (A) (pC3502, pC3503, pC4466, or pC3505) were 
cultured in synthetic complete medium lacking leucine and uracil (SC –L –U) at 30°C to 
A600 of ~0.8, and β-galactosidase activities were measured as in Fig. 4.6.10. Mean 
expression and S.E.M.s were plotted.  
(C, D) The percentages of scanning ribosomes that translate el.uORF1 (C) or leaky scan 
uAUG-1 and translate GCN4-lacZ (D) were calculated from the data in (B) by 
normalizing the amount of GCN4-lacZ expression observed for each uORF-containing 
reporter to the uORF-less construct, yielding the percentages in (D), and subtracting the 
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Figure 4.6.12. Expression and leaky scanning of GCN4-lacZ reporters. 
(A) Derivatives of strain JVY09 containing the WT RPS26A (JVB06) or the indicated 
RPS26A variants and also harboring the GCN4-lacZ reporters depicted in Fig. 4.6.12 A 
(pC3502, pC3503, pC4466, or pC3505) were cultured in synthetic complete medium 
lacking leucine and uracil (SC –L –U) at 30°C to A600 of ~0.8, and β-galactosidase 
activities were measured as in Fig. 4.6.10. Mean expression levels and SEMs were 
plotted.  
(B, C) The percentages of scanning ribosomes that leaky scan uAUG-1 and translate 
GCN4-lacZ (B) or translate el.uORF1 (C) were calculated from the values in (A) by 
normalizing the amount of GCN4-lacZ expression observed for each uORF-containing 
reporter to the uORF-less construct, yielding the percentages in (C), and subtracting the 
values in (C) from 100 to obtain the percentages in (B). Asterisks indicate significant 
differences between mutant and wild type, as determined by a two-tailed, unpaired 







Figure 4.6.13. Substitutions of Rps26/eS26 residues K66, Y68, and K70 exacerbate 
poor context at the native SUI1 AUG to reduce eIF1 expression.   
WCEs of derivatives of PGAL1-RPS26 his4-303 strain (JVY09) transformed with the 
indicated plasmid-born wild type (WT) or mutant RPS26 alleles were subjected to 
Western analysis using antibodies against eIF1 or Hcr1 (as loading control). Two 
amounts of each extract differing by a factor of two were loaded in successive lanes. 
Signal intensities were quantified and mean SUI1/Hcr1 ratios with SEMs from three 
transformants are shown. 
 
  
WT K66A K70A K66E K70E Y68A 
Hcr1
eIF1
Fig 13. Substitutions of Rps26/eS26 residues K66, Y68, and K70 exacerbate poor context at the
native SUI1 AUG to reduce eIF1 expression. WCEs of derivatives of PGAL1-RPS26 his4-301 strain
(JVY09) transformed with the indicated plasmid-born wild type (WT) or mutant RPS26 alleles were
subjected to Western analysis using antibodies against eIF1 or Hcr1 (as loading control). Two amounts of
each extract differing by a factor of two were loaded in successive lanes. Signal intensities were
quantified and mean SUI1/Hcr1 ratios with SEMs from three transformants are shown.





High copy Rps26Low copy Rps26Parent strain (WT Rps26)
Fig 14. Expression of high copy Rps26/eS26 depresses the 40S:60S ratio. The parent strain (H2994)
containing WT chromosomal copies of both paralogs of Rps26/eS26 and derivatives of JVY09 containing
RPS26A on either a low copy (JVB05) or high copy (JVB06) LEU2 plasmid were cultured in synthetic
glucose medium supplemented with histidine, uracil, and tryptophan (SD + His + Ura + Trp) at 30°C to
A600 of ~0.8, and cycloheximide was added prior to harvesting. WCEs were separated by sucrose density
gradient centrifugation and analyzed at 254 nm. Mean 40S/60S and polysomes:monosomes (P:M) ratios
with SEMs from three biological replicates are shown.
40S/60S: 0.71±0.08 40S/60S: 0.68±0.05 40S/60S: 0.50±0.07




























Figure 4.6.14. Expression of high copy Rps26/eS26 depresses the 40S:60S ratio. 
(A) Derivatives of JVY09 containing WT RPS26A or RPS26A-K66E on a high copy 
LEU2 plasmid (JVB06) were cultured in synthetic glucose medium supplemented with 
histidine, uracil, and tryptophan (SD + His + Ura + Trp) at 30°C to A600 of ~0.8, and 
cycloheximide was added prior to harvesting. WCEs were separated by sucrose density 
gradient centrifugation and analyzed at 254 nm. Mean 40S/60S and 
polysomes:monosomes (P:M) ratios with SEMs from three biological replicates are 
shown. 
(B) The parent strain (H2994) containing WT chromosomal copies of both paralogs of 
Rps26/eS26 (i) and derivatives of JVY09 containing RPS26A on either a low copy 
(JVB05) (ii) or high copy (JVB06) (iii) LEU2 plasmid were cultured in synthetic glucose 
medium supplemented with histidine, uracil, and tryptophan (SD + His + Ura + Trp) at 
30°C to A600 of ~0.8, and cycloheximide was added prior to harvesting. WCEs were 
separated by sucrose density gradient centrifugation and analyzed at 254 nm. Mean 
40S/60S and polysomes:monosomes (P:M) ratios with SEMs from three biological 





Figure 4.6.15. Rps26/eS26 variants at positions 66, 68, and 70 on low copy vectors 
confer Ssu- phenotypes.   
Ten-fold serial dilutions of derivatives of JVY09 containing either empty Trp vector 
(B701) or SUI5 (B4281) and the indicated RPS26A alleles on low copy LEU2 plasmids 
were spotted on SD + His +Ura (+ His) or SD + Ura + 0.1% His (- His) and incubated at 



















Fig 15. Rps26/eS26 variants at positions 66, 68, and 70 on low copy vectors confer Ssu- phenotypes.
Ten-fold serial dilutions of derivatives of JVY09 containing either empty Trp vector (B701) or SUI5
(B4281) and the indicated RPS26A alleles on low copy LEU2 plasmids were spotted on SD + His +Ura (+




(i) Low copy WT Rps26 (ii) K66E
(iii) Y68A (iv) K70E
Fig 15. Rps26/eS26 mutants lower the 40S:60S ratio. Derivatives of JVY09 containing WT RPS26A or
the indicated variant on a low copy LEU2 plasmid (JVB05) were cultured in synthetic glucose medium
supplemented with histidine, uracil, and tryptophan (SD + His + Ura + Trp) at 30°C to A600 of ~0.8, and
cycloheximide was added prior to harvesting. WCEs were separated by sucrose density gradient
centrifugation and analyzed at 254 nm. Mean 40S/60S and polysomes:monosomes (P:M) ratios with
SEMs from three biological replicates are shown.
40S/60S: 0.71±0.05
40S/60S: 0.33±0.06
40S/60S: 0.38±0.04 40S/60S: 0.33±0.08
P/M: 0.81±0.10 P/M: 1.68±0.14


















Figure 4.6.16. Rps26/eS26 mutants lower the 40S:60S ratio. 
Derivatives of JVY09 containing WT RPS26A or the indicated variant on a low copy 
LEU2 plasmid (JVB05) were cultured in synthetic glucose medium supplemented with 
histidine, uracil, and tryptophan (SD + His + Ura + Trp) at 30°C to A600 of ~0.8, and 
cycloheximide was added prior to harvesting. WCEs were separated by sucrose density 
gradient centrifugation and analyzed at 254 nm. Mean 40S/60S and 







Figure 4.6.17. Growth of RPS26 strains with substitutions in α-helix region.   
Ten-fold serial dilutions of PGAL1-RPS26 his4-303 strain (JVY09) transformed with the 
indicated plasmid-born wild type (WT) or mutant RPS26 alleles, empty vector (B702), 
SUI3-2 (B4280), or SUI5 (B4281) were spotted on glucose-containing medium, SD + His 


















SD +Ura +His SD +Ura +0.1% His
Fig 17. Growth of RPS26 mutant strains in a-helix region. Ten-fold serial dilutions of PGAL1-RPS26
his4-303 strain (JVY09) transformed with the indicated plasmid-born wild type (WT) or mutant RPS26
alleles, empty vector (B702), SUI3-2 (B4280), or SUI5 (B4281) were spotted on glucose-containing







































Fig 18. Substitutions of Rps26/eS26 residues contacting important context nucleotides confer
synthetic His+ phenotypes with SUI3-2. JVY09 containing either an empty Trp vector (B701) or SUI3-
2 (B4280) and derivatives of JVY09 containing SUI3-2 and the indicated Rps26 alleles were streaked for
growth on SC –L –W (+ His) and SC –L –W –H (– His) and grown at 30º C for 2 days. WT cells are
unable to grow on medium lacking histidine because they contain the his4-301 allele in place of WT
HIS4. In this strain background, SUI3-2 does not confer a His+ phenotype. Several Rps26/eS26 variants,












Figure 4.6.18. Substitutions of Rps26/eS26 residues contacting important context 
nucleotides confer synthetic His+ phenotypes with SUI3-2.   
JVY09 containing either an empty Trp vector (B701) or SUI3-2 (B4280) and derivatives 
of JVY09 containing SUI3-2 and the indicated Rps26 alleles were streaked for growth on 
SC –L –W (+ His) and SC –L –W –H (– His) and grown at 30º C for 2 days. WT cells are 
unable to grow on medium lacking histidine because they contain the his4-303 allele in 
place of WT HIS4. In this strain background, SUI3-2 does not confer a His+ phenotype. 
Several Rps26/eS26 variants, which did not facilitate growth on –His medium alone, 


























WT H80A H80E N25A N25D N25A/
H80A
I79K A81K A81D R82E R82Q
HIS4-lacZAUG
HIS4-lacZUUG
Fig 18. Substitutions in Rps26/eS26 residues contacting important context nucleotides decrease
initiation fidelity in vivo. Derivatives of strain JVY09 containing the indicated RPS26A alleles and also
harboring HIS4-lacZ reporters with either an AUG or UUG start codon (above) on plasmids p367
(B3989) and p391 (B3990), respectively, were cultured in synthetic complete medium lacking leucine
and uracil (SC –L –U) at 30°C to A600 of ~0.8, and β-galactosidase activities (in units of nanomoles of o-
nitrophenyl-b-D-galactopyranoside cleaved per min per mg) were measured in whole cell extracts
(WCEs). The ratio of expression of the UUG to AUG reporter was calculated from at least four different
measurements, and the mean and S.E.M.s were plotted. NH, N25A/H80A. Asterisks indicate significant













































Figure 4.6.19. Substitutions in Rps26/eS26 residues contacting important context 
nucleotides decrease initiation fidelity in vivo. 
Derivatives of strain JVY09 containing the indicated RPS26A alleles and also harboring 
HIS4-lacZ reporters with either an AUG or UUG start codon (above) on plasmids p367 
(B3989) and p391 (B3990), respectively, were cultured in synthetic complete medium 
lacking leucine and uracil (SC –L –U) at 30°C to A600 of ~0.8, and β-galactosidase 
activities (in units of nanomoles of o-nitrophenyl-b-D-galactopyranoside cleaved per min 
per mg) were measured in whole cell extracts (WCEs). The ratio of expression of the 
UUG to AUG reporter was calculated from at least four different measurements, and the 
mean and S.E.M.s were plotted. NH, N25A/H80A. Asterisks indicate significant 
differences between mutant and wild type, as determined by a two-tailed, unpaired 



























Figure 4.6.20. Rps26/eS26 substitutions N25A/H80A and A81D suppress the His+ 
phenotype of SUI5.   
Ten-fold serial dilutions of derivatives of JVY09 containing either empty Trp vector 
(B701) or SUI5 (B4281) and the indicated RPS26A alleles on high copy LEU2 plasmids 
were spotted on SD + His +Ura (+ His) or SD + Ura + 0.1% His (0.1% His) and 
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Figure 4.6.21. Substitutions in the α-helix of Rps26/eS26 alter recognition of start 
codons in suboptimal sequence context. 
 (A) Derivatives of strain JVY09 containing the WT RPS26A (JVB06) or RPS26A 
variants and also harboring the GCN4-lacZ reporters depicted in Fig. 4.6.12 A (pC3502, 
pC3503, pC4466, or pC3505) were cultured in synthetic complete medium lacking 
leucine and uracil (SC –L –U) at 30°C to A600 of ~0.8, and β-galactosidase activities were 
measured as in Fig. 4.6.10. Mean expression and S.E.M.s were plotted.  
(B, C) The percentages of scanning ribosomes that leaky scan uAUG-1 and translate 
GCN4-lacZ (B) or that initiate at el.uORF1 (C) were calculated from the data in (A) by 
normalizing the amount of GCN4-lacZ expression observed for each uORF-containing 
reporter to the uORF-less construct, yielding the percentages in (B), and subtracting the 
values in (B) from 100 to obtain the percentages in (C). Asterisks indicate significant 
differences between mutant and wild type, as determined by a two-tailed, unpaired 






















Fig 21. Effects on start codon selection by Rps26/eS26 variants. Depiction of partial 48S yeast
ribosome (PDB 3JAP) showing Rps26 in orange and mRNA in black. Residues mutated in this study are




Figure 4.6.22. Effects on start codon selection by Rps26/eS26 variants.   
Depiction of partial 48S yeast ribosome (PDB 3JAP) showing Rps26 in orange and 
mRNA in black. Residues mutated in this study are shown as sticks and colored blue, 









Figure 4.6.23. Model describing the effects of Rps26/eS26 interactions with the -10 
nucleotide and upstream nucleotides in the mRNA exit channel on the 
conformational rearrangements of the PIC during start codon selection. 
eIF1 and eIF1A promote an open, scanning conformation of the PIC to which TC loads 
(i). Following TC binding, the PIC scans the mRNA leader in the open conformation (ii). 
When a start codon is recognized, the PIC transitions to the closed state, accompanied by 
release of eIF1 and Pi (iii). Mutations that destabilize the closed complex, such as those 
that remove contacts between eS26 and mRNA, shift the equilibrium of ribosomal 
complexes toward the open state, increasing the stringency of the requirement for an 
AUG in good context and decreasing initiation at near-cognate UUG codons. Such 




















Fig 22. Model describing the effects of Rps26/eS26 interactions with the -10 nucleotide and
upstream nucleotides in the mRNA exit channel on the conformational rearrangements of the PIC
during start codon selection. eIF1 and eIF1A promote an open, scanning conformation of the PIC to
which TC loads (i). Following TC binding, the PIC scans the mRNA leader in the open conformation (ii).
When a start codon is recognized, the PIC trans tions to the closed state, accompanied by release of eIF1
and Pi (iii). Mutations that destabilize the closed complex, such as those that remove contacts between
eS26 and mRNA, shift the equilibrium of ribosomal complexes toward the open state, increasing the
stringency of the requirement for an AUG in good context and decreasing initiation at near-cognate UUG
































Table 4.6.1. Yeast strains used in this study. 
 
Strain Genotype Source  
HLV01a 
(H2994) 
MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU)  (146) 








LMY84 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP5(hc 
RPS26A-N25A, LEU2) 
This study 
LMY85 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP6(hc 
RPS26A-N25K, LEU2) 
This study 
LMY86 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b:hphMX6 pLMP7(hc 
RPS26A-N25D, LEU2) 
This study 
LMY87 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP8(hc 
RPS26A-K66A, LEU2) 
This study 
LMY88 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP9(hc 
RPS26A-K66E, LEU2) 
This study 
LMY89 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP10(hc 
RPS26A-Y68A, LEU2) 
This study 
LMY90 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP11(hc 
RPS26A-K70A, LEU2) 
This study 
LMY91 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP12(hc 
RPS26A-K70E, LEU2) 
This study 
LMY92 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP13(hc 
RPS26A-I79K, LEU2) 
This study 
LMY93 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP14(hc 
RPS26A-I79D, LEU2) 
This study 
LMY94 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 




Strain Genotype Source  
LMY95 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b:hphMX6 pLMP16(hc 
RPS26A-H80E, LEU2) 
This study 
LMY96 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP17(hc 
RPS26A-A81F, LEU2) 
This study 
LMY97 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP18(hc 
RPS26A-A81K, LEU2) 
This study 
LMY98 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP19(hc 
RPS26A-A81D, LEU2) 
This study 
LMY99 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP20(hc 
RPS26A-R82A, LEU2) 
This study 
LMY100 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP21(hc 
RPS26A-R82Q, LEU2) 
This study 
LMY101 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP22(hc 
RPS26A-R82E, LEU2) 
This study 
LMY102 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP23(hc 
RPS26A-N25A/H80A, LEU2) 
This study 
LMY143 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pJVB06(hc 
RPS26A, LEU2) 
This study 
LMY144 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pJVB05(lc 
RPS26A, LEU2) 
This study 
LMY145 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP75(lc 
RPS26A-K66A, LEU2) 
This study 
LMY146 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP76(lc 
RPS26A-K66E, LEU2) 
This study 
LMY147 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 
kanMX6::PGAL1-RPS26A rps26b::hphMX6 pLMP77(lc 
RPS26A-Y68A, LEU2) 
This study 
LMY148 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 




Strain Genotype Source  
LMY149 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-303(AUU) 








Table 4.6.2. Plasmids used in this study. 
 






hc LEU2  (359) 
pJVB06 hc RPS26A, LEU2 pRS425 Jyothsna 
Visweswaraiah 
pLMP5 hc RPS26A-N25A, LEU2 JVB06 This study 
pLMP6 hc RPS26A-N25K, LEU2 JVB06 This study 
pLMP7 hc RPS26A-N25D, LEU2 JVB06 This study 
pLMP8 hc RPS26A-K66A, LEU2 JVB06 This study 
pLMP9 hc RPS26A-K66E, LEU2 JVB06 This study 
pLMP10 hc RPS26A-Y68A, LEU2 JVB06 This study 
pLMP11 hc RPS26A-K70A, LEU2 JVB06 This study 
pLMP12 hc RPS26A-K70E, LEU2 JVB06 This study 
pLMP13 hc RPS26A-I79K, LEU2 JVB06 This study 
pLMP14 hc RPS26A-I79D, LEU2 JVB06 This study 
pLMP15 hc RPS26A-H80A, LEU2 JVB06 This study 
pLMP16 hc RPS26A-H80E, LEU2 JVB06 This study 
pLMP17 hc RPS26A-A81F, LEU2 JVB06 This study 
pLMP18 hc RPS26A-A81K, LEU2 JVB06 This study 
pLMP19 hc RPS26A-A81D, LEU2 JVB06 This study 
pLMP20 hc RPS26A-R82A, LEU2 JVB06 This study 
pLMP21 hc RPS26A-R82Q, LEU2 JVB06 This study 
pLMP22 hc RPS26A-R82E, LEU2 JVB06 This study 
pLMP23 hc RPS26A-N25A/H80A, LEU2 JVB06 This study 
pRS315 (B702) lc LEU2 pRS305 (355) 
pJVB05 lc RPS26A, LEU2 pRS315 Jyothsna 
Visweswaraiah 
pLMP75 lc RPS26A-K66A, LEU2 JVB05 This study 
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pLMP76 lc RPS26A-K66E, LEU2 JVB05 This study 
pLMP77 lc RPS26A-Y68A, LEU2 JVB05 This study 
pLMP78 lc RPS26A-K70A, LEU2 JVB05 This study 
pLMP79 lc RPS26A-K70E, LEU2 JVB05 This study 








sc TIF5-G31R, TRP1 YCplac22 (146) 
p367 (B3989) sc URA3 HIS4(ATG)-lacZ p349 (360) 
p391 (B3990) sc URA3 HIS4(TTG)-lacZ p349 (360) 
pC3502 sc URA3 -3AAA-1 el.uORF1 
GCN4-lacZ in YCp50 
 (314) 
pC3503 sc URA3 -3UUU-1 el.uORF1 
GCN4-lacZ in YCp50 
 (314) 
pC3505 sc URA3 el.uORF1-less GCN4-
lacZ in YCp50 
 (314) 
pC4466 sc URA3 -3UAA-1 el.uORF1 





Table 4.6.3. Oligonucleotide primers used in this study. 
 






























































































































































































































(2)     Weak : UAA AUG
(3)       Poor : UUUAUG( )
% translating el. uORF1
Table 4. Expression and leaky scanning of GCN4-lacZ reporters. (A) Derivatives of strain JVY09
containing the WT RPS26A (JVB06) or RPS26A variants and also harboring the GCN4-lacZ reporters
depicted in Fig. 12A (pC3502, pC3503, pC4466, or pC3505) were assayed as described in Fig. 17A.
Mean expression and S.E.M.s are listed. (B, C) The percentages of scanning ribosomes that leaky scan
uAUG-1 and translate GCN4-lacZ (B) or that initiate at el.uORF1 (C) were calculated from the data in
(A) by normalizing the amount of GCN4-lacZ expression observed for each uORF-containing reporter to
the uORF-less construct, yielding the percentages in (B), and subtracting the values in (B) from 100 to






































(2)     Weak : UAA AUG
(3)       Poor : UUUAUG( )


































(2)     Weak : UAA AUG
(3)       Poor : UUUAUG( )
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Table 4.6.4. Expression and leaky scanning of GCN4-lacZ reporters.   
(A) Derivatives of strain JVY09 containing the WT RPS26A (JVB06) or RPS26A variants 
and also harboring the GCN4-lacZ reporters depicted in Fig. 4.6.12 A (pC3502, pC3503, 
pC4466, or pC3505) were assayed as described in Fig. 4.6.17 A. Mean expression and 
S.E.M.s are listed.  
(B, C) The percentages of scanning ribosomes that leaky scan uAUG-1 and translate 
GCN4-lacZ (B) or that initiate at el.uORF1 (C) were calculated from the data in (A) by 
normalizing the amount of GCN4-lacZ expression observed for each uORF-containing 
reporter to the uORF-less construct, yielding the percentages in (B), and subtracting the 












































GCN4-lacZ(4) No el.uORF1: 
% translating GCN4-lacZ








(2)     Weak : UAA AUG












































GCN4-lacZ(4) No el.uORF1: 
GCN4-lacZ expression(U)









(2)     Weak : UAA AUG







































GCN4-lacZ(4) No el.uORF1: 
% translating el. uORF1








(2)     Weak : UAA AUG
(3)       Poor : UUUAUG( )
<1 <1 <1<1 <1 <1
>99 >99 >99>99 >99 >99
Table 5. Expression and leaky scanning of GCN4-lacZ reporters. (A) Derivatives of strain JVY09
containing the WT RPS26A (JVB06) or RPS26A variants and also harboring the GCN4-lacZ reporters
depicted in Fig. 12A (pC3502, pC3503, pC4466, or pC3505) were assayed as described in Fig. 13A.
Mean expression and S.E.M.s are listed. (B, C) The percentages of scanning ribosomes that leaky scan
uAUG-1 and translate GCN4-lacZ (B) or that initiate at el.uORF1 (C) were calculated from the data in
(A) by normalizing the amount of GCN4-lacZ expression observed for each uORF-containing reporter to
the uORF-less construct, yielding the percentages in (B), and subtracting the values in (B) from 100 to







Table 4.6.5. Expression and leaky scanning of GCN4-lacZ reporters.   
(A) Derivatives of strain JVY09 containing the WT RPS26A (JVB06) or RPS26A variants 
and also harboring the GCN4-lacZ reporters depicted in Fig. 4.6.12A (pC3502, pC3503, 
pC4466, or pC3505) were assayed as described in Fig. 4.6.13A. Mean expression and 
S.E.M.s are listed.  
(B, C) The percentages of scanning ribosomes that leaky scan uAUG-1 and translate 
GCN4-lacZ (B) or that initiate at el.uORF1 (C) were calculated from the data in (A) by 
normalizing the amount of GCN4-lacZ expression observed for each uORF-containing 
reporter to the uORF-less construct, yielding the percentages in (B), and subtracting the 








Translation initiation is a critical step in protein expression that determines 1) which 
proteins will be made, 2) which isoforms of those proteins will be expressed, 3) how 
much of each protein will be synthesized, and also 4) sets the reading frame to ensure 
synthesis of the correct proteins. Perturbations in this process significantly alter the 
proteome and cause disease in humans. The scanning eukaryotic ribosome requires 
complicated molecular machinery to ensure selection of the correct start codon with the 
correct frequency. Even minor (i.e., single residue/nucleotide) changes in the factors 
involved can alter the fidelity of initiation enough to cause growth defects in yeast. It is 
important to note that changes in fidelity in either direction can be detrimental. Start 
codon selection in eukaryotes has been tuned to allow occasional initiation at non-AUG 
codons, AUG codons in poor context, and other non-optimal start codons, and these 
apparent infidelities are not accidental, but rather play important regulatory roles in 
determining the proteome. There is much evidence that such alternative initiation events 
allow cells to respond rapidly to stressors or developmental signals. Scanning ribosomes 
also skip over certain AUG codons, and alterations that prevent such leaky scanning can 
be detrimental. Thus, we see translation initiation as a dynamic process, carefully 
calibrated for the stringency of start codon selection, that plays an outsized role in 




At the start of this study, it was hypothesized that the 40S ribosome, with the aid of eIF1 
and eIF1A, assumed an open conformation that facilitated mRNA recruitment and 
scanning before transitioning to a closed conformation upon AUG recognition. Structural 
evidence for this model was mixed, however, creating a controversy in the field. An early 
low-resolution cryo-EM structure of the yeast PIC in complex with eIF1 and eIF1A 
lacked a contact between 40S h18 and h34 at the mRNA entry channel, termed the 
‘latch’, while 40S•eIF1A complexes and 40S alone displayed a closed latch, indicating a 
role for eIF1 in promoting latch opening (127). However, subsequent structures of 
40S•eIF1•eIF1A complexes display a closed latch, calling this interpretation into question 
(138, 195). A recent cryo-EM structure of the 48S PIC by Llacer, et al. (included in 
Chapter 2 of this work) assembled on mRNA containing an AUC rather than an AUG 
start codon and including WT eIF2 and Met-tRNAi rather than variants intended to 
stabilize the closed complex resulted in a structure of the PIC in which the latch is open 
(py48S-open) (111). A second 48S PIC structure containing an mRNA with an AUG 
codon, presumably representing a state just after AUG recognition but before eIF1 
release, demonstrates a closed latch (py48S-closed). Comparison of these two structures 
reveals an upward movement of the 40S head from the body in py48S-open compared to 
py48S-closed, resulting in a widened entry channel lacking fixed contacts to mRNA and 
an incompletely formed P site that are expected to render the open complex conducive to 
mRNA scanning (117). Thus, it is believed that these two structures provide us with 
“snapshots” of the PIC in its scanning conformation and when arrested at the start codon, 
and some of the structural rearrangements that accompany the transition between the two 
states (Fig. 5.1.1).  
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The py48S-open and py48S-closed complexes also resolved the structure and position of 
eIF2β within the PIC for the first time, revealing its contacts with eIF1 and eIF1A in the 
open PIC, as well as differential contacts with Met-tRNAi in the open and closed 
complexes. Through genetic and biochemical analyses described in Chapter 3, we have 
demonstrated that eIF2β contacts with eIF1, which are specific to the open complex, play 
a functional role in stabilizing eIF1 association with the open PIC, preventing its release 
during scanning before an appropriate start codon is recognized. Substitutions designed to 
disrupt the eIF2β:eIF1 interface resulted in hypoaccuracy (Sui-) phenotypes and TC 
loading defects (Gcd-) in vivo, and stabilized PIC complexes in vitro, indicating that they 
promote transition to the closed state. These data are consistent with destabilization of the 
open complex, as would be expected for abrogation of contacts that stabilize eIF1 
binding. In addition, the role of eIF1 in accelerating TC binding to the open complex has 
not been well understood in molecular terms. While it is likely that eIF1 promotes the 
open state, at least in part, through clashes with Met-tRNAi in the closed PIC, contacts 
between eIF1 and eIF2β could play a role in facilitating TC loading onto the open PIC. 
The Gcd- phenotypes reported here for substitutions that impede interaction of eIF2β with 
eIF1 support the hypothesis that eIF1 is involved in recruitment of TC to the PIC through 
its contacts with eIF2β.  
 
Additionally, we have elucidated two roles for the contacts of eIF2β with Met-tRNAi. In 
the py48S-open structure, the P site is widened, and contacts between Met-tRNAi and the 
40S body are not formed. Instead, eIF2β binds the D loop and anticodon stem loop, and 
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our data demonstrate that these contacts help to accelerate the recruitment of Met-tRNAi 
to the PIC and stabilize its binding in this position within the open complex. Substitutions 
designed to abrogate eIF2β contacts with the ASL in the open state resulted in increased 
initiation at UUG codons (Sui-) and an accompanying defect in TC loading (Gcd-) in 
vivo, indicative of destabilization of the open state. In vitro, one such substitution 
decreased the TC on-rate, consistent with the Gcd- phenotype, while impairing the TC 
off-rate. These apparently contradictory phenotypes are, in fact, consistent with the 
expected destabilization of the closed state, which slows initial TC loading while 
promoting transition to the closed state in which TC is bound more stably. In addition, 
comparison of the py48S-open and py48S-closed structures reveals clashes predicted 
between eIF2β in its open state position and Met-tRNAi in its closed state position. 
Substitutions designed to alleviate a clash of eIF2β with the D loop decreased the 
stringency of start codon selection in vivo and stabilized PICs in vitro, indicating that 
they facilitate transition to the closed state. Notably, none of these substitutions displayed 
a defect in TC loading, consistent with our interpretation that they remove an impediment 
rather than by destabilizing the open state. Our findings support the conclusion that eIF2β 
hinders the transition of Met-tRNAi to the closed state in the absence of an appropriate 
start codon through steric and electrostatic clashes. Clashes of eIF1 Loops 1 and 2 with 
Met-tRNAi in the closed PIC were reported to prevent premature transition to the closed 
state at non-AUG codons in a manner analogous to the clash between Met-tRNAi and 
eIF2β reported here. The contacts between eIF2β and eIF1 discussed above raise the 
possibility that these two factors work in concert to impede Met-tRNAi transition to its 
closed state position. That the rearrangement of eIF2β upon start codon recognition 
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alleviates its clash with Met-tRNAi and simultaneously abrogates its contacts with eIF1, 
allowing eIF1 displacement, supports this hypothesis. Thus, we find that eIF2β plays 
three distinct roles in start codon selection: 1) it stabilizes the binding of eIF1 on the open 
PIC, promoting the open state, 2) it stabilizes binding of Met-tRNAi in the open complex, 
and 3) it prevents transition to the closed PIC at non-AUG codons through clashes with 
the closed state position of Met-tRNAi (Fig. 5.1.2). Like eIF1 and the eIF1A CTT, we 
find that eIF2β has a dual function, promoting the open state of the PIC while preventing 
transition to the closed state prior to AUG recognition (Fig. 5.1.3) (302).  
 
Although it has long been known that the sequence context around a start codon is critical 
to determining whether it will be utilized by the scanning ribosome, the molecular 
mechanism of context recognition has remained a mystery. Because of its position in the 
mRNA exit channel and its contacts with the important -3 context nucleotide in the 
mRNA, we examined the role of Rps26/eS26 in this process. Our results, described in 
Chapter 4, indicate that Rps26 does play a nuanced role in the recognition of start codon 
context, and demonstrate a decoupling of start codon selection from context recognition 
that may shed light on this mechanism. A purine:purine stacking interaction of the 18S 
rRNA with the -3 nucleotide, which could delay scanning and promote start codon 
recognition with a -3 purine base, has not been fully investigated.  Nevertheless, it 
appears increasingly likely that the context nucleotides in the E-site and exit channel are 
recognized not by a single, decisive interaction, but by a network of contacts, influenced 
by the shape of the exit channel itself. Future work should examine this possibility, as 
well as the contributions of rRNA and other exit channel ribosomal proteins to context 
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recognition. In examining contacts between Rps26/eS26 and mRNA further upstream in 
the exit channel, we discovered that three well conserved basic Rps26 residues, 
previously implicated in crosslinking to mRNA, were important for stabilization of the 
closed PIC, presumably, by electrostatic attractions with the phosphodiester backbone of 
the mRNA (Fig. 5.1.2). Basic residues of Rps3 in the entry channel were implicated in a 
similar mechanism, suggesting a model in which ribosomal proteins at the entry and exit 
channels, possibly in concert with eIF3, clamp mRNA following start codon selection, 
stabilizing the closed PIC and aiding in the cessation of scanning (119). Further research 
is needed to examine this model, and the role eIF3 may play in this process. Because eIF3 
is present at both the entry and exit channels, it would be interesting to determine whether 
it may act as a link between the stabilizing contacts of ribosomal proteins with mRNA 
upstream and downstream of the start codon.   
 
Data from each of these studies inform our understanding of translation initiation. Thus, 
we can modify our model of start codon selection as follows (12, 112, 117, 194, 302). 
eIF1 and eIF1A, either alone or in a multi-factor complex with eIF3 and eIF5, bind to the 
40S subunit to form a pre-initiation complex, promoting an open conformation in which 
the mRNA entry channel and P site are widened (Fig. 5.1.4 (i)). Interactions between 
members of the MFC and Met-tRNAi facilitate recruitment of TC to the PIC, where it is 
stabilized in the open conformation in part by contacts between eIF2β and Met-tRNAi 
and eIF2β with eIF1, promoting continued scanning and increasing the stringency of 
AUG selection. Interactions of eIF4G with 40S-bound eIF3 or eIF5, along with the 
helicase activity of eIF4A, in complex with cap-bound eIF4F and stimulated by eIF4B, 
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serve to recruit the open PIC to the 5’ end of mRNA. The open conformation of the PIC 
facilitates scanning in the 5’-to-3’ direction assisted by the helicases Ded1 and eIF4A, 
and enhanced by eIF4B, and the contacts between eIF2β and eIF1 help to anchor eIF1 
onto the complex and prevent its premature release at non-AUG codons (Fig. 5.1.4 (ii)). 
When an appropriate start codon is encountered, base pairing with the anticodon of Met-
tRNAi and auxiliary interactions of the context nucleotides with Rps26/eS26, as well as 
eIF2α, Rps5/uS7, and other exit channel components, ensure its recognition. Start codon 
recognition triggers a conformational change in the 40S ribosome that results in head 
closure, including closure of the latch, a constricted entry channel, and a compact P site 
that fully encases Met-tRNAi and strongly stabilizes its association with the PIC. These 
conformational changes are attended by clashes between eIF2β and Met-tRNAi (Fig. 
5.1.4 (iii)). Movement of eIF2β away from the Met-tRNAi ASL and eIF1 facilitates this 
deeper binding of Met-tRNAi in the P site, and the resulting clashes between Met-tRNAi 
and eIF1 Loops 1 and 2, as well as the loss of eIF1:eIF2β contacts, allow displacement of 
eIF1 on the 40S platform (Fig. 5.1.4 (iv)), followed by its dissociation from the 40S 
subunit. Met-tRNAi in the closed complex also clashes with the eIF1A-CTT, which 
dissociates from the eIF5-CTD and moves from the P site to interact with the eIF5-NTD, 
which is now bound to the platform in place of eIF1. The eIF5-NTD directly stabilizes 
Met-tRNAi binding in the P site in a position and orientation closer to that achieved 
following 60S subunit joining; and the eIF5-CTD is now free to interact with eIF2β, 
further stabilizing the closed state. Interactions of the mRNA with Rps3/uS5 in the entry 
channel and Rps26/eS26 in the exit channel also help to stabilize the closed complex and 
prevent further ribosomal scanning. The newly formed interaction between the eIF1A-
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CTT and the eIF5-NTD gates Pi release. The resultant completion of GTP hydrolysis on 
eIF2 and movement of the eIF5-NTD to the eIF1 binding site, which prevents 
reassociation of eIF1, making start codon selection irreversible (Fig. 5.1.4 (v)). 
eIF2•GDP then dissociates from the PIC in complex with eIF5 and the eIF1A-CTT 
recruits eIF5B, which facilitates joining of the large ribosomal subunit. The GTP on 
eIF5B is hydrolyzed, triggering release of eIF5B and eIF1A. Ultimately, translation 
initiation ends with Met-tRNAi base paired to a start codon in the P site of an 80S 
ribosome bound by eIF3 but lacking other initiation factors, prepared to bind an elongator 
tRNA in the A site and proceed into elongation. Future research into this complex 
molecular mechanism will continue to illuminate the order of events after the scanning 
PIC encounters an appropriate start codon, and how these interactions come together to 
determine the frequency with which a near cognate codon will be utilized or an AUG 
skipped over. 
 
It is increasingly clear that the ribosome functions through a complex network of 
molecular interactions between rRNA, ribosomal proteins, and initiation factors. These 
interactions do not only ensure accurate recognition of AUG codons, but they optimize 
the fidelity of start codon selection. Contacts that preferentially stabilize the open 
conformation or impede transition to the closed state restrict initiation at non-AUG 
codons or AUGs in poor sequence context by promoting continued scanning past these 
suboptimal initiation sites. By contrast, interactions that specifically stabilize the closed 
state are crucial for infrequent but necessary recognition of these suboptimal start codons. 
Presumably, evolution has tuned the relative strengths of these opposing interactions to 
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set the initiation probabilities at poor versus strong initiation sites in order to ensure 
optimum expression of the translatome. The data described here add new interactions to 
this network and improve our understanding of the precise molecular mechanism and 
accuracy of start codon selection. No doubt, future research will uncover yet more 
interactions that play a role in stipulating the carefully tuned fidelity of start codon 
selection. An understanding of this mechanism will further efforts to decode the 




















Figure 5.1.1. Cryo-EM structures of yeast partial 48S initiation complexes in open 
and closed states reveal insights into ribosomal scanning and start codon 
recognition. 
The py48S-open structure displays a widened mRNA entry channel, open latch, and 
partially formed P site in which many contacts between Met-tRNAi and the 40S body are 
absent. This structure is presumably conducive to scanning, allowing movement of the 
mRNA and mRNA sampling by Met-tRNAi. In the py48S-closed structure, the 40S head 
is repositioned downward relative to the body, constricting the mRNA entry channel, and 
the latch is closed. These changes likely restrict mRNA movement and assist with the 
cessation of scanning upon AUG recognition. In addition, Met-tRNAi is bound more 
deeply in the P site (PIN), facilitating its base pairing with the AUG start codon, and the P 






























































































































































































































































































































































































Figure 5.1.2. A network of interactions promotes either the open or the closed PIC. 
 
The interactions investigated in this work join a growing network of molecular 
interactions that tune the accuracy of start codon selection. Contacts of eIF2β with eIF1 
and the ASL of Met-tRNAi stabilize the open, scanning conformation of the PIC. As a 
result, these interactions facilitate TC loading and impede initiation at suboptimal start 
codons, such as near cognate codons or AUG codons in poor sequence context, 
increasing initiation fidelity. Clashes between eIF2β and the D loop of Met-tRNAi block 
transition to the closed state but do not contribute to stabilization of the open state, 
hindering initiation at suboptimal start codons without impacting TC loading. Finally, 
contacts between Rps26/eS26 and mRNA context nucleotides in the exit channel promote 
the closed state. These interactions encourage initiation at suboptimal start codons, 
decreasing initiation accuracy. The balance of interactions that bolster or restrict initiation 
accuracy, along with the placement, identity, and context of start codons, has likely been 










































































































































Figure 5.1.3. Multiple initiation factors play a dual role in start codon selection. 
It has been previously reported that both eIF1 and the CTT of eIF1A play a dual role in 
translation initiation, promoting the open state of the PIC, while simultaneously 
inhibiting transition to the closed state – in both cases by occupying the P site and 
sterically obstructing movement of Met-tRNAi into its closed state position. In this work, 
we find that eIF2β similarly fulfills a dual role. Interactions of eIF2β with eIF1 and the 
ASL of Met-tRNAi stabilize the open, scanning conformation of the PIC. As a result, like 
eIF1 and the eIF1A CTT, these contacts of eIF2β stimulate TC loading and increase the 
stringency of start codon fidelity by encouraging continued scanning past suboptimal 
start codons. Mutations that abrogate these contacts result in Sui- and Gcd- phenotypes 
similar to those seen in mutations of eIF1 that impair binding of eIF1 to the 40S subunit. 
At the same time, steric and electrostatic clashes between eIF2β in its open state position 
and the closed state position of Met-tRNAi impede rearrangement of the PIC to its closed 
conformation, hampering transition to the closed state. These interactions also work to 
restrict initiation to AUG codons in good context, although they do not affect binding of 
TC to the PIC because they do not stabilize the open state onto which TC loads. Like 
mutations in eIF1 Loop 2, substitutions in eIF2β that alleviate a clash produce Sui- 
phenotypes without an accompanying Gcd- phenotype. Thus, we see a trend in the 
function of initiation factors involved in start codon selection to simultaneously form 
contacts that stabilize the open PIC while sterically or electrostatically occluding 
transition to the closed state. This may represent an evolutionary strategy to manage the 
complexity and importance of correctly tuning the accuracy of start codon recognition 












































































































































Figure 5.1.4. New model of start codon recognition 
Based on the data presented in this work, we can modify the model of start codon 
selection presented in Fig. 1.7.7 as follows. (i) Binding of eIF1 and the scanning enhancer 
elements of the eIF1A CTT to the 40S subunit promote the open conformation, 
facilitating binding of TC and mRNA loading. (ii) The resulting open PIC is conducive to 
scanning, during which GTP is hydrolyzed to GDP•Pi, but release of inorganic phosphate 
is blocked by eIF1. eIF2β promotes the open state and continued scanning through 
contacts with eIF1 that stabilize eIF1 binding on the ribosome and interactions with the 
Met-tRNAi ASL that stabilize it in the open PIC. (iii) When the scanning PIC encounters 
an appropriate start codon, it is recognized through base pairing to the anticodon of Met-
tRNAi, as well as interactions of Rps26/eS26, Rps5/uS7, eIF2α, and other E site and exit 
channel components with the upstream sequence context. These interactions promote 
transition to the closed state in response to an AUG codon in good context and aid in the 
cessation of scanning. Clashes with several factors in the P site, including eIF1, eIF2β, 
and the CTT of eIF1A, impose an energetic barrier to the movement of Met-tRNAi 
deeper into the P site necessitated by base pairing with the start codon, requiring correct 
base pairing to overcome this impediment. (iv) During transition to the closed state, 
eIF2β moves toward eIF2γ, becoming more compact and losing its contacts with eIF1, 
eIF1A, and the ASL. In the process, clashes of eIF2β with the Met-tRNAi ASL and D 
loop are alleviated. The resultant deeper binding of Met-tRNAi in the P site results in 
clashes with Loops 1 and 2 of eIF1. In response to these clashes and the loss of contacts 
with eIF2β, eIF1 is displaced from the P site to a secondary binding site on the 40S 
platform, while the eIF1A CTT moves out of the P site and interacts with the eIF5 NTD. 
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In the absence of the eIF1A CTT, the CTD of eIF5 forms a strong interaction with the 
eIF2β NTT. (v) eIF1 dissociates from the PIC, and its release, along with the interaction 
of the eIF1A CTT with the eIF5 NTD, gates Pi release from eIF2. The eIF5 NTD moves 
to occupy the eIF1 binding site, stabilizing Met-tRNAi in the closed state and preventing 
rebinding of eIF1. Interactions between the mRNA and Rps3/us5 in the entry channel and 
Rps26/eS26 in the exit channel also help to stabilize the closed PIC and prevent further 
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Figure 6.1.1. Maximum-likelihood 3D classification scheme, related to Figure 
2.10.1  
Maximum-likelihood 3D classification schemes (See Supplemental Experimental 
Procedures): (A) py48S-closed complex: Class 3C (21,401 particles; 4.9 Å) 
corresponding to py48S-closed complex is highlighted in a box.  
(B) At the left, Gold-standard Fourier Shell Correlation (FSC) curves for the py48S-
closed (black) and py48S-open (red) complexes. At the right, analysis of overfitting by 
cross-validation of the py48S- closed model. FSCwork curves (red) corresponding to the 
refined model versus the half-map it was refined against, and FSCtest curves (blue), i.e. 
those calculated between the refined atomic model and the other half-map. The black 
curve shows the FSC curve between a reconstruction from all particles and the model 
refined against the map. The dashed line represents the highest resolution (5.0Å) used in 
these refinements.  
(C) py48S-open complex: Class 2A-1 (86,055 particles; 3.5 Å) corresponding to 40S 
eIF1 eIF1A complex, Class A1-1 (4,547 particles; 6.0 Å) corresponding to py48S-open 
complex and Class A1-2 (1,580 particles; 14.9 Å) corresponding to py43S are highlighted 
 281 
in a box. (D) Analysis of overfitting by cross-validation of the py48S-open model. 
FSCwork curves (red) corresponding to the refined model versus the half-map it was 
refined against, and FSCtest curves (blue), i.e. those calculated between the refined 
atomic model and the other half-map. The black curve shows the FSC curve between a 
reconstruction from all particles and the model refined against the map. The dashed line 









Figure 6.1.2. Fitting of ligands in density maps, related to Figure 2.10.1  
(A) Fitting of eIF1, eIF1A, eIF2, tRNAi and mRNA in py48S-closed map at 4.9 Å shown 
in two orientations. (B) Fitting of eIF1, eIF1A, eIF2, tRNAi and mRNA in py48S-open 
map at 6.0 Å shown in two orientations. (C) eIF3a/eIF3c PCI heterodimer in py48S-
closed map. (D) eIF3b-CTD/eIF3i/eIF3g-NTD in py48S-closed map. (E) eIF3b-
CTD/eIF3i/eIF3g-NTD trimer, cluster of eIF3c helices and bundle of eIF3a long helices 
















Figure 6.1.3. Local resolution features, related to Figure 2.10.1  
(A) Surface (left) and cross-sections along the mRNA channel in two different planes of a 
4.9 Å map, colored according to local resolution (See Experimental Procedures) of 
py48S-closed complex.  
(B) Surface (left) and cross-sections along the mRNA channel in two different planes of a 
6.0 Å map, colored according to local resolution (See Experimental Procedures) of 


















Figure 6.1.4. Cryo-EM maps of py43S and 40S•eIF1•eIF1A complexes, related to 
Figures 2.10.1 and 2.10.2  
(A) Cryo-EM map of 40S eIF1 eIF1A PIC at 3.5 Å. Density for eIF1 (cyan) and eIF1A 
(blue) can be clearly seen. The structure of the 40S eIF1 eIF1A complex is similar to 
the PIC-2 complex reported earlier (Hussain et al., 2014) with an r.m.s.d. of 0.99 Å for 
35,235 atoms of 18S rRNA.  
(B) Cryo-EM map of py43S PIC at 15.0 Å. Density for eIF1, eIF1A and TC is 
observed. (C) Superimposition of py48S-open (yellow) and pm43S (magenta) (Hashem 
et al., 2013) maps. Below: Cartoon representation of rRNAs of the two structures. The 
head is clearly moved up in py48S-open. The py48S-open map is low-pass filtered to 12 
Å. (D) Superimposition of py48S-closed (cyan) and pm43S (magenta) (Hashem et al., 
2013) maps. Below: Cartoon representation of rRNAs of the two structures. The head is 
in a similar but not identical position in the two complexes. The py48S-closed map is 
low-pass filtered to 12 Å. (E) Superimposition of py43S (grey) and pm43S (magenta) 
(Hashem et al., 2013) maps. Below: Cartoon representation of rRNAs of the two 













Figure 6.1.5. Distinct tRNAi conformations and the mRNA path, related to Figure 
2.10.3  
(A) Two different views of the superimposition of tRNAi from different complexes 
aligned to the head of 40S. The conformation of tRNAi from py48S-closed (eP/I’, green) 
is similar to that described for pm43S complex [eP/I, yellow; (Hashem et al., 2013)], but 
different from the P/I conformation (from pm48S PIC, in orange, from 4KZZ). The 
tRNAi from py48S-open (red) complex is in an orientation that appears closer to P/I than 
the eP/I. We have termed this orientation sP/I (scanning P/I). (B) Superimposition of 
py48S- open and closed complexes aligned to the 40S head shows the relative position of 
tRNAi in the P site. The body and head of py48S-closed complex is shown in yellow with 
its tRNAi in green. The mRNA (magenta) and β-hairpin 1 of eIF1 (cyan) of py48S-closed 
complex interact at the P site. The mRNA and tRNAi of py48S-open complex is shown in 
grey. The mRNA in the py48S- open complex would clash with the body of 40S in the 














Figure 6.1.6. Relative orientations of eIF2 in py48S- open and closed PICs, related to 
Figure 2.10.5  
(A) eIF2α-D1 and ASL of tRNAi in py48S-open complex. The neighboring rRNA 
residues are shown in yellow lines and a helix of uS7 is also shown in yellow. Conserved 
arginines are shown. Arg55 and Arg57 project away from the modeled mRNA (grey; 
from py48S-closed complex), and Arg54, which in the closed complex interacts with the 
body of the 40S, comes closer to the mRNA. (B) eIF2α-D1 and the ASL of tRNAi in the 
py48S-closed complex. The neighboring rRNA residues are shown in yellow lines and a 
helix of uS7 is also shown in yellow. Conserved arginines are shown. Arg55 and Arg57 
interact with the mRNA (magenta).  
(C) Superimposition of py48S- closed and open complexes shows that eIF2β of py48S-
open complex (grey) would clash with eIF1 (cyan) of py48S-closed complex, 
highlighting the need for the conformational change within the TC during the open to 
closed PIC transition. The 40S, tRNAi, mRNA and eIF1 of the py48S-closed complex are 
shown in color while only tRNAi and eIF2β of py48S-open complex are shown in grey.  
(D) Superimposition of eIF2-βγ dimer of py48S- open (yellow) and closed (blue) 
complexes with the most similar archaeal βγ dimer (grey, from 3CW2) using γ as a 
reference shows different position of the β subunit with respect to the γ subunit. (E) 
Relative position of TC in py48S-open (color) and py48S-closed (grey) based on 
superposition of the two complexes. The cartoon and surface representation show the 







Figure 6.1.7. Conformational changes from open to closed state, related to Figure 
2.10.5  
(A) Opening of the mRNA channel. Modeling of the position of eIF2β (grey) (with 
respect to 40S head and tRNAi) observed in the py48S-closed complex into the py48S-
open complex shows how in this conformation the mRNA channel would be opened up. 
In the py48S-open complex, eIF2β (red) blocks mRNA access by forming interactions 
with tRNAi (green) attached to head and eIF1 (cyan) and eIF1A (blue) attached to the 
body. The acceptor arm of tRNAi is not shown for clarity.  
(B) Major structural changes during eukaryotic translation initiation. Binding of eIF1, 
eIF1A and eIF3 to the 40S subunit (I) facilitates TC binding in the POUT conformation to 
form the 43S PIC (II). Upward movement of the head expands the mRNA entry channel, 
allowing mRNA recruitment, and widens the P site to form the scanning-conducive 
py48S-open (III). eIF2β contacts eIF1 and probably stabilizes this open conformation 
while eIF3 undergoes major conformational change and eIF3i is repositioned on the 
subunit-interface. On AUG recognition, the head moves downward to clamp in the 
mRNA and enclose the tRNAi in the PIN state of py48S-closed (IV). eIF2β loses contact 


















6.2 SUPPLEMENTARY MOVIE LEGENDS  
Movie S1: py48S-closed complex, related to Figure 2.10.1  
This movie shows a 360° rotation of the map of the py48S-closed complex, followed by 
the fitting of refined coordinates in the map. The fitting of ligands can also be observed 
with the maps shown as a transparent surface. The β-propeller of eIF3b shown at the 
solvent interface is modeled based on previously reported structure (Aylett et al., 2015).  
Movie S2: py48S-open complex, related to Figure 2.10.1  
This movie shows a 360° rotation of the map of py48S-open complex, followed by the 
fitting of refined coordinates in the map. The fitting of ligands can also be observed with 
maps shown as a transparent surface.  
Movie S3: Morphing of PICs: py48S-open to py48S-closed complex, related to 
Figure 2.10.2 This movie shows the morphing of 18S rRNA in the py48S-open to the 
py48S-closed complex (colored cyan in the first frame). A short region (1148-1163; 
1615-1627) in helix h28 is shown in red. Most ligands (except tRNAi and eIF2α) and all 
ribosomal proteins have been removed for clarity. The front view shows the upward 
movement of the head while no major conformational change is observed in the body. 
The change in position of tRNAi and eIF2α with the head movement can be clearly seen.  
Movie S4: Morphing of PICs: 40S eIF1 eIF1A PIC to py48S-closed complex, related 
to Figure 2.10.2 This movie shows the morphing of 18S rRNA in the 40S eIF1 eIF1A 
PIC to the py48S-closed complex (colored blue in the first frame). A short region (1148-
1163; 1615-1627) in helix h28 is shown in red. All ligands and ribosomal proteins have 
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been removed for clarity. The front view shows the rotation of the head while no major 
conformational change is observed in the body.  
Movie S5: Morphing of ligands: py48S-open to py48S-closed complex, related to 
Figure 2.10.5  
This movie shows the morphing of the 18S rRNA and ligands in the py48S-open to the 
py48S-closed complex. The ligands are shown in color, as in Figure 2.10.1. Only the 
eIF3i subunit is shown for eIF3. All ribosomal proteins have been removed for clarity. 
This movie shows the conformational change that TC undergoes during the transition 
from the open to the closed state.  
Supplementary movies can be accessed at 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4534855/#mmc1. 
6.3 SUPPLEMENTAL EXPERIMENTAL PROCEDURES  
6.3.1 Recombinant eIF3 production  
In order to obtain an initiation complex in an open scanning-competent state, eIF5 
was omitted in the preparation. Since eIF5 often copurifies with eIF3 in S. cerevisiae 
(Acker et al., 2007; Hussain et al., 2014), we overexpressed eIF3 in Escherichia coli as 
follows. The genes for subunits of eIF3 were cloned into two different but compatible 
polycistronic vectors: eIF3a and eIF3c were cloned into a pCDF Duet vector including an 
N-terminal his-tag for subunit a, and eIF3b, eIF3g and eIF3i in a pQlink vector. These 
two plasmids were used to transform E. coli Rosetta cells and the expression was carried 
out at 30 °C after induction with 0.5 mM IPTG. The protein was purified using the same 
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steps used for the protein expressed in yeast (Mitchell et al., 2010). The protein obtained 
is soluble, pure and seems to be expressed in stoichiometric amounts (judged by SDS-
PAGE). However visualization of the purified protein by SDS-PAGE shows that the 
eIF3c and the eIF3g subunits are slightly smaller than expected. Mass spectrometry 
analysis of these bands suggests that they may be missing part of their N-terminal region 
due to possible proteolysis (up to 42 N-terminal residues of its 812 amino acids for eIF3c 
and up to 65 N- terminal residues of its 274 amino acids for eIF3g). Nonetheless, the 
protein seems to be functional: it is able to interact with the other eIF3 subunit (subunit 
eIF3j), with the 40S ribosomal subunit, and it promotes mRNA recruitment using the 
assay described by (Mitchell et al., 2010), with a Kextent (defined as the concentration of 
eIF3 necessary for half maximal extent of mRNA recruitment) similar to that of eIF3 
purified from yeast.  
6.3.2 Reconstitution of 48S complexes  
K. lactis 40S subunits were prepared as described earlier (Fernandez et al., 2014). 
S. cerevisiae eIF3 and eIF2 were expressed in yeast while eIF1, eIF1A and eIF5 were 
expressed in E. coli as recombinant proteins and purified as described (Acker et al., 
2007). Recombinant eIF3 used for preparation of py48S-open complex was expressed in 
E. coli. Wild type tRNAi was expressed and purified from yeast and mutant tRNAi was 
transcribed and aminoacylated as described (Acker et al., 2007). Unstructured mRNAs 
with AUG (5 GGAA[UC]4UAUG[CU]4C 3 ) and AUC  
(5 GGAA[UC]4UAUC[CU]4C 3 ) codons were commercially synthesized by Integrated 
DNA Technologies and used for the py48S-closed and py48S-open complexes, 
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respectively. Both complexes were reconstituted by incubating 120 nM 40S with eIF1, 
eIF1A, TC (consisting of eIF2, GDPCP and Met-tRNAi), eIF3, eIF5 and mRNA in 
40S:eIF1:eIF1A:TC:eIF3:eIF5:mRNA molar ratios of 1:2.5:2.5:1.5:1.2:2.5:2, with the 
exception that eIF5 was excluded in py48S-open, in 20 mM MES, pH 6.5, 40 mM 
potassium acetate, 10 mM ammonium acetate, 8mM magnesium acetate, 2mM 
dithiothreitol. The sample was used directly to make cryo-EM grids without further 
purification. Grids with sample for electron microscopy were prepared as described 
(Fernandez et al., 2014).  
6.3.3 Analysis, structure determination, model building and refinement details of 3D 
classification  
For py48S-closed complex data set  
From about 5500 micrographs, a total of approximately 1,200,000 particles were 
picked. 2D class averaging was performed and aberrant particles were discarded. An 
initial reconstruction was made from all selected particles (1,182,309) after 2D class 
averaging using the yeast 40S crystal structure low pass filtered to 40 Å as an initial 
model. Next, a 3D classification into 8 classes with fine angular sampling was performed. 
Upon refinement only two classes were refined to high resolution: class 3 [12.6 %; 
149,369 particles; 4.6 Å; PIC with TC] and class 4 [31.6 %; 374,737 particles; similar to 
PIC-2 (Hussain et al., 2014)]. The class 3, which showed a PIC with TC, was further 
classified into 3 classes: 3A [15,044 particles; 7.4 Å], 3B [112,924 particles; 4.3 Å; 
similar to py48S (Hussain et al., 2014)] and 3C [21,401 particles; 4.9 Å; py48S-closed 
complex].  
 299 
For py48S-open complex data set  
A data set of more than 2000 images was collected and about 500,000 particles 
were picked. An initial reconstruction was made from all selected particles (460,079) 
after 2D class averaging using the yeast 40S crystal structure low pass filtered to 40 Å as 
an initial model. Next, a 3D classification into 10 classes with fine angular sampling was 
performed. Class 1 showed the presence of a 40S dimer and was discarded. Class 2 
showed the presence of TC. Classes 3-10 were not homogenous enough and showed the 
presence of at least eIF1A. Class 2 was subsequently divided into 5 classes: 2A, 2B, 2C, 
2D and 2E. Class 2A was comprised of 97,864 particles and showed the presence of TC. 
It was again further divided into 3 classes: 2A-1, 2A-2 and 2A-3. Class 2A-1, comprised 
of 86,055 particles, consisted of the 40S eIF1 eIF1A complex and was refined to a 
resolution of 3.5 Å. Class 2A-2 was comprised of 5,174 particles and shows a PIC 
containing TC but without eIF3, similar to py48S (Hussain et al., 2014), at about 7 Å 
resolution. Surprisingly this class does not seem to have density for eIF1. Class 2A-3 was 
not homogenous enough to be refined to moderate resolution. Hence we made a subset of 
351,827 particles by combining Classes 3-8 from the first round of classification, Classes 
2B-2E from the second round and Class 2A-3 from the third round. In other words, we 
left out Class 1 (which contained 40S dimers); Class 2A-1 (40S eIF1 eIF1A) and Class 
2A-2 (PIC with eIF1A and TC but without eIF3 and eIF1). This subset was then divided 
into 5 classes: A, B, C, D and E. Class A contained TC (70,365 particles) and it was then 
subsequently classified into 4 classes: A1, A2, A3 and A4. Only class A1 (6,127 
particles; 6.1 Å) showed the presence of TC with eIF3. Class A1 was then further 
classified into 2 classes: A1-1 and A1-2. Class A1-1 (4,547 particles; 6.0 Å) represented 
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the most complete class in this data set and contained 40S with eIF1, eIF1A, TC and 
eIF3, described here as the py48S-open complex, while Class A1-2 (1,580 particles; 14.9 
Å) contains a PIC with eIF1, eIF1A and TC (without eIF3) corresponding to the 
previously reported pm43S complex (Hashem et al., 2013).  
6.3.4 Detailed model building  
Initially, the atomic coordinates of py48S (PDB: 3J81) were placed into the EM 
density of py48S-closed complex by rigid-body fitting using Chimera (Pettersen et al., 
2004). For py48S-open, the body and head of the 40S of this same model were 
independently placed. Previously, 40S model had been further improved using the 40S 
eIF1 eIF1A structure at 3.5 Å presented here. Then, each chain of the model (including 
ribosomal proteins, rRNA segments, protein factors and tRNAi and mRNA) was rigid-
body fitted in Coot (Emsley et al., 2010) to overcome local differences in its positions. 
When necessary, also each separate domain of proteins was also subject to independent 
rigid body fitting, as was the case of factor eIF2α.  
Most of eIF2β was not present in py48S (PDB: 3J81). In both open and closed 
complexes the relative orientation of eIF2β and eIF2γ is the same. There are three 
different published archaeal IF2 βγ (aIF2βγ) dimer crystal structures (Stolboushkina et 
al., 2008; Sokabe et al., 2006; Yatime et al., 2007), which substantially differ in the 
relative orientation of the two subunits. The most similar to ours correspond to PDB: 
3CW2 (Stolboushkina et al., 2008), hence we superimposed aIF2βγ using our eIF2γ as a 
reference, and then we rigid-body fit the β-subunit independently. However, in this 
crystal structure used as a model, the ZBD is disordered. Therefore we used the ZBD in 
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PDB: 2D74 to model it.  
In py48S-open, wild type tRNAi was used from PDB: 1YFG for initial rigid-body 
fitting into its corresponding density and further improvement of the fitting was done 
with the morphing tool in Coot. Also in py48S-open NTT of eIF1A was removed from 
the model and eIF1 model was substituted by its counterpart in the 40S eIF1 eIF1A 
structure. Finally, we observed a density close to the bases U and A from the anticodon of 
the tRNAi. We reason this density most likely belongs to bases A and U from the mRNA 
and in consequence this fragment of mRNA was included in the final py48S-open model.  
6.3.5 Model Building of eIF3  
Fitting of eIF3a/eIF3c PCI dimer  
Although the overall densities for eIF3 at the subunit interface were similar in the 
two structures, the higher-resolution py48S-closed map at 4.9 Å was used to generate a 
model for eIF3 bound in these initiation complexes. First the dimer of complete PCI 
domains of eIF3a and eIF3c was generated using the crystal structures of the full PCI 
domain of eIF3a (PDB: 4U1D) and the eIF3a/eIF3c PCI dimer (PDB: 4U1C) from S. 
cerevisiae. (Erzberger et al., 2014). This complete eIF3a/eIF3c PCI dimer was docked as 
a rigid body into the density on the solvent face of the 40S in py48S-close complex. 
Because of variation in the resolution of the eIF3 domains, we cannot resolve individual 
helices for the eIF3a/eIF3c PCI domains, however, it is possible to discern the overall 
shape and dimensions of PCI domains and do a rigid-body fit of the eIF3a/eIF3c PCI 
dimer. The fitting is similar to that of the eIF3a/eIF3c PCI heterodimers in the recent 
yeast 40S eIF1 eIF1A eIF3 structure (Aylett et al., 2015) and also to the PCI MPN core 
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model (PDB: 3J7K) docked into the pm43S EM map (Hashem et al., 2013).  
Fitting of eIF3i and associated eIF3b-CTD and eIF3g-NTD  
Density for a β-propeller domain was observed near h44 in the vicinity of eIF2γ. 
There are β-propeller domains in two subunits of eIF3: eIF3b and eIF3i. Crystal 
structures of both domains (PDB: 4U1E, 4U1F) from S. cerevisiae are now available 
(Erzberger et al., 2014). The nine-bladed β-propeller domain of eIF3b has been well 
documented to interact at the solvent (Liu et al., 2014; Erzberger et al., 2014) rather than 
the intersubunit face of the 40S as also observed in the yeast 40S eIF1 eIF1A eIF3 
structure (Aylett et al., 2015). Moreover, the nine-bladed β- propeller domain of eIF3b is 
larger than the observed density near h44. In fact, rigid body fitting of the β-propeller 
domain of eIF3b shows a steric clash with 40S.  
In contrast, the seven-bladed β-propeller domain of eIF3i fits well into the 
density. At the local resolution, it is not possible to discern its individual β-strands but the 
overall shape and dimensions guides the fitting of eIF3i. In one of the two crystal 
structures of eIF3i (PDB: 3ZWL; (Herrmannova et al., 2012)), there is a loop (residues 
258- 273) emanating from the β-propeller. A single mutation of a residue of this eIF3i 
loop confers a severe decrease of translation initiation without affecting the integrity of 
eIF3 (Cuchalova et al., 2010). We observe density for this loop in a slightly different 
conformation and interacting with h44. eIF3i also makes an interaction with a long helix 
at the C-terminus of eIF3b (PDB: 4U1E, 3ZWL). We observe density for  
this helix, interacting with the β-propeller domain further supporting that this density 
belongs to eIF3i and not eIF3b. Extra density was also observed for a portion of eIF3g-
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NTD in direct contact with this β-propeller domain that is consistent with the eIF3b-
CTD/eIF3i/eIF3g-NTD trimeric crystal structure (PDB: 4U1E). These observations 
strongly suggest that the β-propeller domain is part of eIF3i. Moreover, its contacts with 
eIF3b and eIF3g make it possible to orient the β-propeller domain despite the fact that the 
individual blades cannot be resolved.  
The C-terminal helix of this stretch of eIF3g-NTD points towards the entry 
channel, where the remainder of the protein (not resolved here) likely binds. Similarly, 
the N- terminal end of the eIF3b-CTD segment in the trimeric subcomplex points towards 
the likely position of the eIF3b β-propeller domain and these further supports the 
positioning of eIF3b-CTD/eIF3i/eIF3g-NTD trimer at the subunit interface near h44 in 
the vicinity of eIF2γ. As we observe density for only a portion of the eIF3bβ- propeller 
domain in py48S-close complex, the exact length of the connector between the two eIF3b 
domains (eIF3b β-propeller domain and eIF3b-CTD segment) resolved here cannot be 
specified. However, 39 residues in this connector are adequate to span the distance as an 
unstructured linker.  
Fitting of helices of eIF3a and eIF3c at the intersubunit interface  
The eIF3a/eIF3c PCI dimer and eIF3b-CTD/eIF3i/eIF3g-NTD trimer make up 
more than half of the eIF3 complex in S. cerevisiae. Apart from the density 
corresponding to the eIF3b-CTD/eIF3i/eIF3g-NTD trimer, we observe three additional 
and differentiated regions of densities at the intersubunit interface of the 40S. One of 
these corresponds to a group of 5 helices that is clearly recognizable at this resolution 
near h21/h24/h27. More density is located in contact eIF1 on the platform and seems to 
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correspond to a globular domain of around 70-100 residues. Finally, there is density for 
two very long helices (clearly recognizable at this resolution) arranged as a coiled coil 
spanning the β-propeller of eIF3i and the density on the platform near eIF1.  
Having assigned both the eIF3a/eIF3c PCI dimer and the eIF3b-
CTD/eIF3i/eIF3g- NTD trimer, the C-terminus of eIF3a (496-964), NTD and β-propeller 
domain of eIF3b, N-terminus of eIF3c (1-250) and eIF3g-CTD are not accounted for. 
eIF3b can be ruled out because both the NTD and β-propeller domains of eIF3b are 
expected to be at the solvent interface (Liu et al., 2014; Erzberger et al., 2014). In fact, 
although we do not observe a distinct density for the whole β-propeller domain of eIF3b, 
we observe extra density at low resolution for part of the eIF2β-propeller domain in 
py48S-close complex at its expected position (see Movie S1). The eIF3g-CTD is known 
to bind near the entry channel (Cuchalova et al., 2010) and a solution structure of human 
eIF3g-CTD is available (PDB: 2CQ0). Based on this available structural data and its 
known location on the 40S, the eIF3g-CTD was also ruled out. Therefore, these 
unassigned densities should mainly correspond to segments of eIF3a and eIF3c.  
Secondary structure prediction for the N-terminus of eIF3c (1-250) suggests a 
region of about 100 residues containing 5-6 helices of various lengths and at least another 
isolated helix close to the N-terminus, whereas the C-terminus of eIF3a (496-964) is 
predicted to consist of very long helices. Thus for the remaining unassigned density, we 
reason that the 5 helices near h21/h24/h27 belong to the 120-220 region of eIF3c based 
on this secondary structure prediction. This region (residues 120-220 of eIF3c) is 
predicted to have a group of 5 helices and the observed density clearly corresponds to a 
group of helices. The length of helices observed in the density also corresponds to what is 
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expected according to the secondary structure prediction for 120-220 region of eIF3c. We 
modeled individual helices into the density but were unable to determine its topology, as 
the connecting loops are not clear and there is no side-chain information for an 
unambiguously sequence assignment. However, we reason that these densities 
correspond to the helices in the region of residues 120-220 of eIF3c. Crosslinking data 
indicate eIF3c interacts with uS15 (Erzberger et al., 2014) and these helices can be easily 
linked to the PCI domain present on the solvent interface by a linker (~30 residues), 
which may interact with uS15 (Figure 2.10.6D) further supporting this assignment.  
Based on the volume of density (equivalent to a globular domain of around 70-
100 amino acids) in contact with eIF1 on the platform and its relative proximity to group 
of helices near h21/h24/h27 (tentatively assigned to region of residues120-220 of eIF3c), 
we suggest that it belongs to the N-terminal end of eIF3c (residues ~1-90), where it 
would form a direct contact with eIF1, in agreement with previous studies describing the 
most extreme N-terminal part of eIF3c as an interacting partner of eIF1 (Reibarkh et al., 
2008; Erzberger et al., 2014). However, the density we observe is not sufficiently detailed 
so as to enable any model building. So, the assignment of this density in contact with 
eIF1 to N-terminal end of eIF3c (residues ~1-90) is primarily based on biochemical 
studies indicating N-terminal end of eIF3c interacts with eIF1. Secondly, its proximity to 
region of residues120-220 of eIF3c further supports it. Thirdly, we have ruled out more 
or less the rest of eIF3.  
The remaining density for two long kinked helices spanning the β-propeller 
domain of eIF3i and the proposed eIF3c-NTD density near eIF1 can therefore only 
belong to eIF3a, in agreement with its secondary prediction of long stretches of helices, 
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most likely to its CTD (from residue 760). The density for the long helices is reasonably 
clear and thus we assign it to the CTD of eIF3a. In fact previous studies have suggested 
the existence of a spectrin domain (bundle of three long helices) at the CTD of eIF3a 
functioning as the docking site for the formation of the a:b:i:g subcomplex (Dong et al., 
2013). A recent study suggested direct interaction of the CTD of eIF3a with eIF3i and 
with the NTD of eIF3c (Politis et al., 2015), in agreement with the model proposed here. 
These helices account for more than 100 residues, and therefore our assignment (from 
residue 760) places the extreme C-terminal ~100 residues of eIF3a not modeled here in 
the vicinity of the TC, consistent with a known eIF3a-CTD interaction with eIF2 
(Valasek et al., 2002).  
6.3.6 Model Refinement and Validation  
For an optimal fitting of the models into the EM density maps we used REFMAC 
v5.8, which has been modified to work with EM maps in a wide range of resolutions 
(Amunts et al., 2014; Brown et al., 2015). For all ribosomal and protein factors, 
ProSMART (Nicholls et al., 2012) was used to generate idealized helical restraints and 
hydrogen bond restraints for β-sheets. Base pair and stacking restraints for rRNA, tRNAi 
and mRNAs were generated using the program LIBG (Brown et al., 2015). All restraints 
were maintained throughout refinement. Refinement with restraints helps to preserve the 
correct geometry of previously known structures as well as reduce overfitting. Therefore, 
in this work at the present resolutions, REFMAC essentially fixes the small clashes and 
geometry that occur after separate rigid body fitting of individual domains. Average 
Fourier shell correlation (FSC) was monitored during refinement. The result of the 
refinements was checked visually in Coot (Emsley et al., 2010). Final model was 
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validated using MolProbity (Chen et al., 2010). To prevent overfitting, the global 
refinement and external restraints weights were carefully adjusted by cross-validation, as 
previously described (Brown et al., 2015; Amunts et al., 2014). Refinement statistics are 
given in Table 6.1.1.  
6.3.7 Yeast strain constructions  
To generate strains LMY61, LMY74, and LMY76, strain KAY18 (MATα leu2-3 
leu2- 112 ura3-53 ino1 sui3∆ gcn2∆ p921 (SUI3+, URA3)) (Asano et al., 1999) was 
transformed to Leu+
 
with low-copy (lc) LEU2 plasmids harboring FLAG-tagged alleles 
SUI3-FL (plasmid YCpSUI3), sui3-FL-S202A,K214A (pLEM13), or sui3-FL- 
F217A,Q221A (pLEM15), respectively, and the resident SUI3+,URA3 plasmid p921 was 
evicted by selection on 5-fluoorotic acid (5-FOA) medium. To generate strains ATY49, 
ATY53, and ATY54, strain JCY03 (MATa ura3-52 leu2-3 leu2-112 trp1∆- 63 his4-
301(ACG) sui1∆::hisG p1200 (SUI1+, URA3)) (Cheung et al., 2007) was transformed to 
Leu+
 
with single-copy LEU2 plasmids harboring SUI1+
 
(pJCB101), sui1-F108A 
(pAT117), or sui1-F108D (pAT118), respectively, and the resident SUI1+
 
URA3 plasmid 
(p1200) was evicted by selecting for growth on 5-FOA medium. Plasmids pLEM13 and 
pLEM15 were constructed from YCpSUI3 (Asano et al., 1999) using the QuikChange 
site-directed mutagenesis system (Stratagene) according to the manufacturer’s directions 
and the appropriate primers. Plasmids pAT117 and pAT118 were similarly constructed 
from pJCB101 (Martin-Marcos et al., 2011).  
6.3.8 Yeast biochemical methods  
Assays of β-galactosidase activities in whole-cell extracts (WCEs) were 
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performed as described previously (Moehle and Hinnebusch, 1991) using transformants 
harboring the appropriate reporter plasmids, HIS4AUG-lacZ (p367, HIS4UUG-lacZ 
(p391) (Donahue and Cigan, 1988), or GCN4-lacZ (p180) (Hinnebusch, 1985). 
Transformants were cultured in appropriately supplemented synthetic dextrose minimal 
media (SD) at 30°C to an A600 of ~0.8. The same culture conditions were used for 
Western or coimmunoprecipitation analyses. WCEs for Western analysis were prepared 
by trichloroacetic acid extraction as previously described (Reid and Schatz, 1982), and 
immunoblot analysis was conducted as described (Nanda et al., 2009) using antibodies 
against Flag epitope (Sigma), eIF2Bε (Bushman et al., 1993), eIF1 (Valasek et al., 2004), 
or eIF3j (Valasek et al., 2001). Coimmunoprecipitations were conducted as previously 
described (Asano et al., 1999) and immunoblot analysis of immune complexes was 
conducted as above using antibodies against Flag epitope, eIF2γ (Hannig et al., 1993), 
eIF2α (Dever et al., 1995), and eIF2Bε.  
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7.1 SUPPLEMENTAL TABLES 
Table 7.1.1. Plasmids used in the study of eIF2 interactions with eIF1. 




YCplac111 sc LEU2 cloning vector  (361) 
p1200 sc URA3 SUI1 in YCp50  (209) 
YCplac112 hc TRP cloning Vector  (361) 
pJCB101 sc LEU2 SUI1 in YCplac111  (212) 
YEp24 hc URA3 cloning vector  (362) 
ATP114 sc LEU2 sui1-Q31A in 
YCplac111 
pJCB101 This study 
ATP115 sc LEU2 sui1-Q31K in 
YCplac111 
pJCB101 This study 
ATP116 sc LEU2 sui1-Q31E in 
YCplac111 
pJCB101 This study 
ATP117 sc LEU2 sui1-F108Ain 
YCplac111 
pJCB101 This study 
ATP118 sc LEU2 sui1-F108D in 
YCplac111 
pJCB101 This study 
ATP119 sc LEU2 sui1-F108R in 
YCplac111 
pJCB101 This study 
ATP124 sc LEU2 sui1-Q31A-F108A in 
YCplac111 
pJCB101 This study 
p367 sc URA3 HIS4(ATG)-lacZ 
  
 (360) 
p391 sc URA3 HIS4(TTG)-lacZ 
      
 (360) 
p180 sc URA3 GCN4-lacZ in YCp50  (363) 
pPMB24 sc URA3 SUI1-lacZ    (212) 
pPMB25 sc URA3 SUI1opt-lacZ    (212) 
pC3502 sc URA3 -3AAA-1 el.uORF1 
GCN4-lacZ in YCp50 
 (314) 
pC4466 sc URA3 -3UAA-1 el.uORF1 
GCN4-lacZ in YCp50 
 (314) 
pC3503 sc URA3 -3UUU-1 el.uORF1 
GCN4-lacZ in YCp50 
 (314) 
pC3505 sc URA3 el.uORF1-less GCN4-
lacZ in YCp50 
 (314) 
p1780-IMT hc URA3 SUI2, SUI3, GCD11, 
IMT4 
YEp24 (297) 
p4385 hc TRP1- SUI2, SUI3, GCD11, 
IMT4  
p1780-IMT Christie Fekete 
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sc TRP1 SUI3-S264Y  YCplac22 (146) 
p4281/YCpTIF5-
G31R-W 
sc TRP1 TIF5-G31R  YCplac22 (146) 
pTYB2-eIF1 SUI1 in PTYB2 pTYB2 (347),(347) 
pPMB97 sui1-K60E in pTYB2 pTYB2-eIF1 (213) 
ATP172 sui1-Q31E in pTYB2 pTYB2-eIF1 This study 
ATP173 sui1-F108D in pTYB2 pTYB2-eIF1 This study 
ATP174 sui1-F108R in pTYB2 pTYB2-eIF1 This study 
ATP175 sui1-Q31A-F108A in pTYB2 pTYB2-eIF1 This study 
p921 sc URA3 SUI3 pRS316 (364) 
p920 sc LEU2 SUI3 pRS315 Thomas Dever 
LMP24 sc LEU2 SUI3-E198A p920 This study 
LMP27 sc LEU2 SUI3-F217A p920 This study 
LMP29 sc LEU2 SUI3-F217A/Q221A p920 This study 
LMP32 sc LEU2 SUI3-K170A p920 This study 
LMP33 sc LEU2 SUI3-K170A/S202A p920 This study 
LMP37 sc LEU2 SUI3-K214A p920 This study 
LMP38 sc LEU2 SUI3-S202A/K214A p920 This study 
LMP94 sc LEU2 SUI3-E189A p920 This study 
LMP95 sc LEU2 SUI3-E189R p920 This study 
LMP96 sc LEU2 SUI3-Q193A p920 This study 
LMP97 sc LEU2 SUI3-Q193R p920 This study 
LMP98 sc LEU2 SUI3-E189A/Q193A p920 This study 
LMP99 sc LEU2 SUI3-E189R/Q193R p920 This study 
pAV1089 hc URA3(6x)His-GCD11, SUI2, 
SUI3 
YEp24 (365) 
pAV1726 hc LEU2 (6x)His-GCD11, SUI2, 
SUI3 
pRS425 (366) 
LMP91 hc LEU2 (6x)His-GCD11, SUI2, 
SUI3-F217A/Q221A 
pAV1726 This study 
LMP92 hc LEU2 (6x)His-GCD11, SUI2, 
SUI3-S202A/K214A 
pAV1726 This study 
LMP101 hc LEU2 (6x)His-GCD11, SUI2, 
SUI3-E189R 
pAV1726 This study 
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Table 7.1.2. Yeast strains used in the study of eIF2 interactions with eIF1. 
Strain Genotype Source  
JCY03 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 




MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  pJCB101 (sc LEU2 SUI1) 
(212) 
ATY122 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP114 (sc LEU2 sui1-Q31A) 
This study 
ATY123 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP115 (sc LEU2 sui1-Q31K) 
This study 
ATY124 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP116 (sc LEU2 sui1Q31E) 
This study 
ATY125 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP117 (sc LEU2 sui1-F108A) 
This study 
ATY126 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP118 (sc LEU2 sui1-F108D) 
This study 
ATY127 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP119 (sc LEU2 sui1-F108R) 
This study 
ATY128 MATa ura3-52 leu2-3 leu2-112 trp1-63 his4-301(ACG) 
sui1::hisG  ATP124 (sc LEU2 sui1-Q31A-F108A) 
This study 
KAY18 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 p921(SUI3, URA3) 
(297) 
LMY103 MAT leu2-3 leu2-112 ura3-53 ino1 
sui3 gcn2 LMP24(SUI3-E198A, LEU2) 
This study 
LMY106 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP27(SUI3-F217A, LEU2) 
This study 
LMY108 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP29(SUI3-F217A/Q221A, LEU2) 
This study 
LMY111 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP32(SUI3-K170A, LEU2) 
This study 
LMY112 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP33(SUI3-K170A/S202A, LEU2) 
This study 
LMY116 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP37(SUI3-K214A, LEU2) 
This study 
LMY117 MAT leu2-3 leu2-112 ura3-53 ino1 
sui3 gcn2 LMP38(SUI3-S202A/K214A, LEU2) 
This study 
LMY130 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP94(SUI3-E189A, LEU2) 
This study 
LMY131 MAT leu2-3 leu2-112 ura3-53 ino1 
sui3 gcn2 LMP95(SUI3-E189R, LEU2) 
This study 
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Strain Genotype Source  
LMY132 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP96(SUI3-Q193A, LEU2) 
This study 
LMY133 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP97(SUI3-Q193R, LEU2) 
This study 
LMY134 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP98(SUI3-E189A/Q193A, LEU2) 
This study 
LMY135 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 LMP99(SUI3-E189R/Q193R, LEU2) 
This study 
LMY142 MAT leu2-3 leu2-112 ura3-53 ino1 sui3 
gcn2 p920(SUI3, LEU2) 
This study 
H3840 MAT leu2-3 leu2-112 ura3-52 ino1 sui2 gcn2 
pep4::leu2::NatMX4 sui3::KANMX4 <HIS4-lacZ, ura3-
52> pAV1089(SUI2, SUI3, [6x]-GCD11, URA3) 
(214) 
LMY128 MAT leu2-3 leu2-112 ura3-52 ino1 sui2 gcn2 
pep4::leu2::NatMX4 sui3::KANMX4 <HIS4-lacZ, ura3-
52> LMP92(SUI2, SUI3-S202A/K214A, [6x]-GCD11, 
URA3) 
This study 
LMY129 MAT leu2-3 leu2-112 ura3-52 ino1 sui2 gcn2 
pep4::leu2::NatMX4 sui3::KANMX4 <HIS4-lacZ, ura3-
52> LMP91(SUI2, SUI3-F217A/Q221A, [6x]-GCD11, 
URA3) 
This study 
LMY137 MAT leu2-3 leu2-112 ura3-52 ino1 sui2 gcn2 
pep4::leu2::NatMX4 sui3::KANMX4 <HIS4-lacZ, ura3-







Table 7.1.3. Oligonucleotide primers used in the study of eIF2 interactions with 
eIF1. 
























































































































                                   
 










































































Fig. S1. Distinct interactions of eIF2β with tRNAi in py48S-open versus py48S-closed should enable
eIF2β to restrict transition to the closed/PIN conformation of the PIC in a manner facilitated by
eIF1. (A) Interactions between eIF2β and the tRNAi ASL and D-loop in the py48S-open complex. (B)
Interactions of eIF2β with tRNAi in py48S-closed differ from those in (A) and are restricted to the D-loop.
(C) An overlay of eIF2β in py48S-open with tRNAi in py48S-closed reveals predicted clashes throughout
the ASL. These clashes are alleviated during the open-to-closed transition by movement of eIF2β both
laterally and toward the D-loop. The predicted clashes suggest that eIF2β performs a steric role in
ensuring acccurate start codon selection, undergoing a conformational change that allows tRNAi to
assume the PIN state of the closed conformation only when a perfect AUG:anticodon duplex is formed in
the P-site. (D) A network of interactions between eIF2β and both eIF1 and tRNAi in py48S-open enhances
TC recruitment and stabilizes the open, scanning conformation of the PIC prior to AUG selection.
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Figure 7.2.1. Distinct interactions of eIF2β with tRNAi in py48S-open versus py48S-
closed should enable eIF2β to restrict transition to the closed/PIN conformation of 
the PIC in a manner facilitated by eIF1.  
 
(A) Interactions between eIF2β and the tRNAi ASL and D-loop in the py48S-open 
complex. (B) Interactions of eIF2β with tRNAi in py48S-closed differ from those in (A) 
and are restricted to the D-loop. (C) An overlay of eIF2β in py48S-open with tRNAi in 
py48S-closed reveals predicted clashes throughout the ASL. These clashes are alleviated 
during the open-to-closed transition by movement of eIF2β both laterally and toward the 
D-loop. The predicted clashes suggest that eIF2β performs a steric role in ensuring 
acccurate start codon selection, undergoing a conformational change that allows tRNAi to 
assume the PIN state of the closed conformation only when a perfect AUG:anticodon 
duplex is formed in the P-site. (D) A network of interactions between eIF2β and both 
eIF1 and tRNAi in py48S-open enhances TC recruitment and stabilizes the open, 





Figure 7.2.2. eIF1 substitutions Q31E and F108D decrease discrimination against 
the GCN4 uORF1 AUG codon in suboptimal context.  
 
(A) Transformants of JCY03 harboring WT SUI1, sui1-Q31E or sui1-F108D and 
el.uORF1 GCN4-lacZ reporters (pC3502, pC3503 or pC4466) containing, respectively, 
optimum, weak or poor context of uAUG-1, or an uORF-less GCN4-lacZ reporter with a 
mutated uAUG-1 (pC3505), were assayed for -galactosidase activities as in Fig. 3.10.2 
D. Mean expression values with SEMs were determined from six transformants and 
asterisks indicate significant differences between mutant and WT as judged by a two-

























































































































































Fig. S2. eIF1 substitutions Q31E and F108D decrease discrimination against the GCN4 uORF1 AUG
codon in suboptimal context. (A) Transformants of JCY03 harboring WT SUI1, sui1-Q31E or sui1-
F108D and el.uORF1 GCN4-lacZ reporters (pC3502, pC3503 or pC4466) containing, respectively,
optimum, weak or poor context of uAUG-1, or an uORF-less GCN4-lacZ reporter with a mutated uAUG-
1 (pC3505), were assayed for b-galactosidase activities as in Fig. 2D. Mean expression values with SEMs
were determined from six transformants and asterisks indicate significant differences between mutant and
WT as judged by a two-tailed, unpaired Student’s t test (*P < 0.05; **P < 0.01). (B, C) The percentages of
scanning ribosomes that translate el.uORF1 (B) or leaky-scan uAUG-1 and translate GCN4-lacZ (C) were
calculated from the data in (A) by comparing the amount of GCN4-lacZ expression observed for each
uORF-containing reporter to the uORF-less construct, yielding the percentages in (C), and subtracting the
values in (C) from 100 to obtain the percentages in (B).
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scanning ribosomes that translate el.uORF1 (B) or leaky-scan uAUG-1 and translate 
GCN4-lacZ (C) were calculated from the data in (A) by comparing the amount of GCN4-
lacZ expression observed for each uORF-containing reporter to the uORF-less construct, 
yielding the percentages in (C), and subtracting the values in (C) from 100 to obtain the 
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Figure 7.2.3. eIF1 substitutions Q31A and F108A decrease discrimination against 
the GCN4 uORF1 AUG codon in suboptimal context.  
 
(A) Transformants of JCY03 harboring WT SUI1, sui1-Q31A and eIF1-F108A and the el. 
uORF1 GCN4-lacZ reporters containing optimum (row 1), weak (row 2) or poor (row 3) 
context of uAUG-1, or an uORF-less GCN4-lacZ reporter with a mutated uAUG-1 (row 
4), were analyzed as in Fig. 3.10.3 C. (B) -galactosidase activities from columns 1-3 of 
(A) plotted in graphical format for WT SUI1, sui1-Q31A or sui1-F108A transformants 
containing the el. uORF1 GCN4-lacZ reporters with optimum, weak or poor context of 
uAUG-1, or an uORF-less GCN4-lacZ reporter with a mutated uAUG. Mean expression 
values with SEMs were determined from six transformants and asterisks indicate 
significant differences between mutant and WT as judged by a two-tailed, unpaired 
Student’s t test (*P < 0.05; **P <0.01). (C, D) The percentages of scanning ribosomes 
that translate el.uORF1 (C) or leaky-scan uAUG-1 and translate GCN4-lacZ (D) were 




























































































































































































































































































































































































Figure 7.2.4. Plots of TC dissociation assays with error.  
(A-E) To measure TC dissociation kinetics, as summarized schematically in Fig. 3.10.5 
D, partial 48S complexes were assembled with eIF1A, model mRNA containing an AUG 
or UUG start codon, radiolabeled TC containing either WT or mutant eIF2, and either 
WT or mutant eIF1. Following incubation at 26° C for two hours, each reaction was 
chased with excess unlabeled TC for increasing periods of time and the fraction of 
labeled Met-tRNAi bound to the PIC at each time-point was determined via EMSA. Data 
from each gel were plotted individually to determine a dissociation rate (koff). 
Representative plots are shown in Figs. 3.10.5 E, 3.10.5 H, 3.10.7 C, 3.10.8 G, and 3.10.9 
E. The rates from three independent experiments were averaged to determine the koff 
values shown in Figs. 3.10.5 F, 3.10.5 I, 3.10.7 D, 3.10.8 H, and 3.10.9 F. In order to give 
a visual representation of the variability across gels, we have averaged together values at 
each time point across three independent experiments and plotted an average curve with 
SEMs for eIF2-F217A/Q221A (A), eIF1-F108D (B), eIF1-Q31E (C), eIF1-F108R (D), 





























Figure 7.2.5. Representative results from TC dissociation assays.  
(A-C) To measure TC dissociation kinetics, as summarized schematically in (A), partial 
48S complexes were assembled with radiolabeled TC, eIF1A, model mRNA containing 
an AUG or UUG start codon, and either WT eIF1 (B) or eIF1-Q31E (C). Following 
incubation at 26° C for two hours, each reaction was chased with excess unlabeled TC for 
increasing periods of time (between 0.0084 and 24 hours as indicated above gel image) 
and the fraction of labeled Met-tRNAi bound to the PIC at each time-point was 
determined by resolving radiolabeled 48S complexes (upper band) from free radiolabeled 
tRNAi (lower band) by EMSA. As a control, one reaction was chased with buffer only 
(‘mock chase’) for each eIF1/mRNA pair, representing the maximum possible PIC-bound 
radioactivity. One reaction was also conducted in which unlabeled chase was added 
before labeled TC (‘negative control’), demonstrating the least possible PIC-bound 
radioactivity. The upper band from each lane was quantified and normalized to total 
radioactivity in the lane (after background subtraction). These values for each time point 
were normalized to the negative control and plotted as shown in Fig. 3.10.5 H.  
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Figure 7.2.6. Representative results from TC association assays.  
(A, B) To measure TC association kinetics, as summarized schematically in (A), 
radiolabeled TC was mixed with pre-formed 40S·eIF1A·eIF1·mRNA complexes 
containing either WT eIF1 or eIF1-Q31A/F108A and incubated for increasing times (as 
indicated). Reactions for WT and mutant eIF1 were carried out at each of four 
concentrations of 40S ribosomal subunits (2 μM, 4 μM, 8 μM, and 16 μM, as shown). 
Reactions were terminated with a chase of excess unlabeled TC. The fraction of labeled 
Met-tRNAi bound to the PIC at each time-point was determined by EMSA, as in Fig. 
7.2.5. As a control, one reaction was chased with buffer only (‘mock chase’), 
representing the maximum possible PIC-bound radioactivity. One reaction was also 
carried out in which unlabeled chase was added before labeled TC (‘negative control’), 
demonstrating the least possible PIC-bound radioactivity. For each time point, the upper 
band was quantified and normalized to total radioactivity in the lane (after background 
subtraction), followed by normalization to the negative control. These values were 
plotted to obtain the pseudo-first-order rate constant (kobs) at each 40S concentration. The 
resulting kobs values were plotted versus 40S concentration, as in Fig. 3.10.6 B, to obtain 








Figure 7.2.7. Model describing the effects of eIF2 interactions on the 
conformational rearrangements of the PIC during start codon selection.  
As described in Fig. 3.10.1 A, eIF1 and eIF1A promote an open, scanning conformation 
of the PIC to which TC loads (i). Mutations that destabilize the open conformation slow 
TC loading, resulting in a Gcd- phenotype. Following TC binding, the PIC scans the 
mRNA leader in the open conformation (ii). When a start codon is recognized, the PIC 
transitions to the closed state, accompanied by release of eIF1 and Pi (iii). Mutations that 
favor the closed complex, either by destabilizing the open state or by removing an 
impediment to transition to the closed state, decrease the fidelity of initiation, allowing 
selection of non-AUG codons including the near cognate UUG. Such mutations confer a 
Sui- phenotype. (Above) The arrows summarize the contributions of eIF2 to ensuring 
accurate start codon selection indicated by our findings here. The interactions of eIF2 
with eIF1 and the ASL of tRNAi (Fig. 7.2.1 D) stabilize and promote the open state, 
either by anchoring eIF1 to the complex or by stabilizing tRNAi binding, while impeding 
transition to the closed state. For this reason, substitutions at these interfaces confer both 
Gcd- and Sui- phenotypes. The clash of open-state eIF2 with the closed- state tRNAi D-
loop (Fig. 7.2.1 C), however, enforces a strict requirement for an AUG start codon and 
inhibits transition to the closed state in its absence, but does not stabilize the open state. 
Thus, substitutions at this interface produce Sui- phenotypes without any accompanying 
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